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CHANGES IN THE STAINING CAPACITY OF NUCLEAR 
COMPONENTS DURING CELL DEGENERATION 


MAX ALFERT 


Department of Zoology, and its Cancer Research Genetics Laboratory, University of California, 
Berkeley 4, California 


Cell degeneration is often accompanied by distinct nuclear alterations which 
have been classified into several types (cf. Ries-Gersch, 1953) on the basis of 
microscopically observable structural changes. One of these is nuclear pycnosis: 
the chromatin condenses into one or several homogeneous masses, which, in mi- 
croscopic preparations, stand out by virtue of their intense staining capacity. A 
previous cytochemical comparison of fresh and pycnotic tumor nuclei by Leuchten- 
berger (1950) has dealt with the quantitative behavior of desoxyribonucleic acid 
(DNA) and proteins during the degenerative process. More recently, a direct 
staining method for basic proteins has been developed, based on their ability to 
combine with acid dye at an elevated pH (Alfert and Geschwind, 1953). Routine 
surveys of various animal tissues by this procedure disclosed the fact that pycnotic 
nuclei always stain with great intensity, indicating that basic proteins are not lost, 
but greatly concentrated during this type of nuclear degeneration. 

The present paper is concerned with a detailed cytochemical analysis of this 
degenerative process in a mammalian ovary where pycnotic nuclei are invariably 
found in old and atretic follicles. This investigation has revealed a pattern of 
cytochemical changes different from that previously described for tumor nuclei. 
The data also lend further support to ideas previously expressed by the author 
(Alfert, 1952), dealing with the mechanism of changes in methyl green stainability 


of DNA. 


MATERIAL AND METHODS 


A comparison between normal nuclei from the cumulus oophorus of young 
follicles and pycnotic masses of chromatin lining the antrum of old follicles was 
made on the ovaries of an adult guinea pig. Small pieces of the ovaries were fixed 
for four hours in Carnoy’s acetic alcohol or in Baker’s formol-calcium and subse- 
quently washed overnight in 95% alcohol or in running water, respectively; the 
material was then embedded in paraffin and sectioned at various thicknesses. Four 
staining reactions were subsequently applied: methyl green and Feulgen staining 
for DNA, fast green staining for histones, and the Millon reaction for tyrosine. 
The first three of these reactions were quantitated by microspectrophotometric 
procedures (for details see Pollister, Himes and Ornstein, 1951), comparing the 
relative dye-binding capacities of normal and pycnotic chromatin in terms of their 
Feulgen/methyl green and Feulgen/fast green ratios. Several modifications of 
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the routine photometric technique were used in this case and are herewith de- 


scribed in some detail : 

1)Rather than measuring a separate series of nuclei for each of the staining 
reactions used, these reactions can be applied in sequence to one slide, and the 
same nuclei can be used over again, for successive series of measurements. This 
procedure greatly increases the precision of the results since sampling errors among 
independent series of measurements are excluded. Thus the dye-binding ratios of 
individual nuclei can be computed and averaged in terms of optical densities, and 
variations in the amounts of stained substrate need not be taken into account. A 
multiple staining schedule similar to that proposed by Bloch and Godman (1955a) 
was employed : 

The methyl green reaction according to Pollister and Leuchtenberger (1949) 
was applied to formalin-fixed sections, previously digested with ribonuclease 
(0.025% for two hours at 40° C. and at pH 6.8) to remove cytoplasmic methyl 
green staining induced by the fixation (cf. Alfert, 1952); series of normal and 
pycnotic nuclei were mapped out by means of a camera lucida and drawn at a 
magnification of 3000 x ; nuclear diameters were measured on the drawings and 
used for computations of nuclear volumes; microphotometric measurements were 
then made on nuclear cores comprising 50% of the total nuclear volume (core 
diameter = 0.6 of average nuclear diameter). Subsequently the coverslip was 
removed and the slide was hydrolyzed for the Feulgen reaction in 1 N trichloracetic 
acid (TCA) at 60° C. for 12 minutes (the methyl green is extracted during this 
hydrolysis). The slide was then treated with Schiff reagent and bleaches prepared 
by substituting TCA for the HCI ordinarily used, and the same nuclei were re- 
measured in the manner previously indicated. The coverslip was removed again, 
and the slide was subjected to treatment with 5% TCA at 90° C. for 12 minutes 
(leading to complete extraction of DNA and Feulgen dye) ; finally the slide was 
stained for histones with fast green at pH 8 according to Alfert and Geschwind 
(1953) and the same nuclei were measured again. 

The TCA modification of the Feulgen reaction was designed by Bloch and 
Godman (1955a) to prevent loss of histones from the nuclei. Formalin fixation of 
the tissue is required for the same reason but may affect the methyl green stain- 
ability of DNA (Alfert, 1952) ; an independent series of measurements was there- 
fore made, using methyl green and the Feulgen reaction in succession on the same 
normal and pyenotic nuclei from material fixed in Carnoy’s fluid. The orthodox 
HCl-Feulgen technique was employed in this case, and the sections were again 
pretreated with ribonuclease to exclude this step as a variable between the two 
procedures. Independent evidence indicates, however, that the Feulgen/methyl 
green ratio of Carnoy-fixed mammalian nuclei is not affected by ribonuclease. 

In the formalin series a total of 36 normal and 46 pycnotic nuclei were mapped, 
and measured three times in succession; in the Carnoy series 21 normal and 20 
pycnotics were mapped and measured for methyl green and Feulgen only. Three 
individual values for normal, and one for pycnotic, formalin-fixed nuclei were omitted - 
from the computation of the Feulgen/fast green ratios. The reason was that 
these values differed by more than 100 per cent from the mean of the population 
and fell far outside its range of variation. The nuclei omitted belonged to the 
lower range of diploids in terms of Feulgen dye and showed no peculiarities with 
respect to methyl green staining; however, they exhibited very low fast green 
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TABLE I[ 


Ratios between average optical densities at the different wave-lengths used for measurements 
of normal and pycnotic nuclei* (means + S.E. of 10 determinations). 


Difference in 
Normal Pycnotic multiples of 
its S.E, 


Feulgen — .32 + 0.03 2.45 + 0.02 


Formalin-fixed Methyl green " = 52 + 0.03 2.56 + 0.02 


Fast green —— 3.03 + 0.10 3.15 + 0.14 


Feulgen an 2.04 + 0.03 2.13 + 0.03 
Carnov-fixed : 


Methyl green —— 2.66 + 0.02 2.62 + 0.04 


* Example: Carnoy-fixed, methyl green stained normal nuclei were measured at 650 my; 
pycnotics were measured at 600 my and their optical densities were multiplied by the factor 2.66. 


staining. Bloch and Godman (1955a) also encountered occasional nuclei which, 
for reasons presently unknown, give a very weak histone reaction. 

2) Comparison of normal and pycnotic nuclei revealed extreme differences in 
staining intensity, falling far outside the range in which valid absorption measure- 
ments in one spectral region can be made. Consequently the relatively less dense 
normal nuclei were measured using wave-lengths at, or close to, peak absorption, 
while the pycnotic nuclei were measured at wave-lengths farther away from the 
absorption peak. The optical densities of the latter were then multiplied by an 
appropriate conversion factor. 

The procedure consisted of the following steps: absorption curves for each 
type of chromatin, each reaction and each fixative were determined on one or two 
nuclei. Two appropriate wave-lengths were then chosen and the exact ratio be- 
tween them was established by measuring samples of ten normal whole nuclei at 
both wave-lengths. To ascertain the extent of possible shifts in the absorption 
curves of pycnotic chromatin, these same ratios were also measured on pycnotic 
nuclei sectioned sufficiently thin to reduce optical densities to a range below 1.0. 
For this purpose approximately 2 » paraffin sections of Carnoy fixed material and 
0.5 mw sections of formalin-fixed material embedded in methacrylate were used. 
The results of the calibration measurements are given in Table I. 

The differences between these ratios for normal and pycnotic nuclei are 
numerically small in all cases, even in the one instance where it is statistically 
highly significant. The differences in stainability between normal and pycnotic 
chromatin turned out to be much larger than could be accounted for by such small 
curve shifts. In other words “distributional error” (cf. Ornstein, 1952) or other 
errors giving rise to deviations from Beer’s law could not have affected the results 
appreciably. Serious errors due to the effect of stray light on high optical densities 
were avoided by the device of measuring normal and pycnotic nuclei at different 
wave-lengths ; all measurements on mapped nuclei fell thereby within the range 
of 16 to 61 per cent transmission. Our microspectrophotometer, similar in princi- 





4 MAX ALFERT 


ple to that described by Pollister (1952), was used in conjunction with the mono- 
chromator of a Beckman B spectrophotometer with 0.2-mm. slit width. Trans- 
mitted light was measured in microscopic images projected onto the cathode of a 
1P21 photomultiplier tube. 

Carnoy-fixed 3 » sections of ovary were also stained by the Millon procedure 
for tyrosine (Pollister and Ris, 1947) for cytological study. One such slide 
was photographed, subsequently stained by the regular Feulgen procedure and the 
same area rephotographed for detailed comparison of the distributions of protein 
and DNA in the same cells. Examples of this comparison are given in Figures 
3 a,b, and 4 a,b. 


RESULTS 


Occasional divisions are seen in normal follicle cells. Using Feulgen-DNA 


content per nucleus as a measure of the degree of ploidy (cf. Swift, 1953) it is 


obvious that the majority of follicle nuclei are diploid. Occasional tetraploid DNA 
values probably do not represent permanent tetraploid cells such as those commonly 
found in mammalian liver, but are pre-prophasic values which one would expect 
to find in a mitotically active tissue. 

Cell degeneration leading to pycnosis may start in resting diploids as well as in 
cells with the tetraploid DNA content. The process of pycnosis in this tissue takes 
a very similar course to that described in Ries-Gersch (1953) and it is almost 
invariably accompanied by fragmentation of the nuclear material (karyorrhexis) : 
the nuclear substance breaks up into two or several clumps as it condenses, or some- 
times into one large clump and a cluster of small granules (see Figures 2, 3b, 4b). 
Simple photometric determinations can only be done on the larger ones of these 
masses ; in many cases, therefore, not all the nuclear substance of a pycnotic cell 
was included in the measurement. The appearance of normal and pycnotic cells 
with the histone reaction is shown in Figures 1 and 2. The Feulgen and methyl 
green picture is essentially similar, but does not correspond to the appearance ob- 
tained by application of the Millon reaction: this can be seen by comparing 
Figures 3a and 4a to Figures 3b and 4b. The Millon-protein picture shows a 
great deal of condensation, probably by expulsion of fluid since vacuoles are often 
encountered. The nucleohistone as visualized by either Feulgen, methyl green or 
the fast green reaction condenses in an even more striking manner. This process 
is aptly described as a dissociation (““Entmischung”) of the cellular nucleoprotein 
complexes by Ries-Gersch (1953, page 367 ). 

In Figure 5 individual nuclear DNA contents in arbitrary Feulgen units at 
peak absorption are plotted against volume, and means and standard errors for 
normal diploid and pre-prophasic (tetraploid) cells are given. The pycnotic 
masses have lost volume much more rapidly than DNA content and therefore 
possess a higher concentration of DNA. As noted by Leuchtenberger (1950) 
their increased Feulgen density is due to the latter factor and not to any increase in 
the average amount of DNA. In this particular case the 23 per cent decrease in 
the average DNA content of pycnotic masses can probably be accounted for by the 
nuclear fragmentation discussed above, and by the fact that in many instances only 
part of the nuclear material was of a measurable size. Such fragmentation does not 
always accompany pycnosis: in autolysing guinea pig kidney slices, many nuclei be- 
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Figure 1. Nuclear histone staining (fast green at pH 8) of normal follicle cells sur- 
rounding a young oocyte. Formalin, 10 4, X 570. 

FicureE 2. Nuclear histone staining of pycnotic masses in the antrum of an old follicle. 
Formalin, 10 #, x 570 

Figures 3 ANp 4. Distribution of Millon-protein (a) and Feulgen-DNA (b) in the same 
follicle cells. Carnoy, 3 4, 1100. Figures 3a and b pycnotic nuclei; figures 4a and b normal 
cells at the left, a degenerating cell at the right. Compare identical nuclei, as identified by 
arrows, in 3a and 3b. (Photomicrographs by Dr. Walter Plaut.) 


come pycnotic by uniform shrinkage without fragmentation and lose none of their 

DNA during a period of 24 hours autolysis (Roslansky and Alfert, unpublished). 
In Table II the Feulgen/fast green and Feulgen/methyl green ratios of the 

formalin series are given in the first two columns. These data indicate a striking 


change in the fast green stainability of histone and a small change in the methyl 


green stainability of DNA. The ratios are lowered, because of a relative increase 
in acidophilia of histone, and in basophilia of DNA. Put in other terms, there 
seems to be more histone and more methyl green stainable DNA in the pycnotic 
nuclei, per unit Feulgen-DNA content, than was present in the normal nuclei from 
which they were derived. 

The methy] green effect is exactly opposite to that described by Leuchtenberger 
(1950) fer pyenotic tumor nuclei: those had an increased Feulgen/methyl green 





MAX ALFERT 


2n 210423 


© NORMAL 4n «212 t11 
OVERALL MEAN +120 DNA,69y3 


* PYCNOTIC OVERALL MEAN+92 DNA, 20? 


eotly BYS— 





w 
3 
- 
io 
at 
« 
= 
o 
a 
<= 
z= 
i 
2 
Ww 
me 
z 
°o 
Oo 
ot 
2 
oO 


eae gg eee 


NUCLEAR VOLUME IN p® 


rhe relations between DNA content and volume in normal and pycnotic 
chromatin of guinea pig follicle cells fixed in formalin. 


ratio, i.e., relatively decreased methyl green stainability. In order to see to what 
extent different types of fixation affect the Feulgen/methyl green ratio, the second 
series of measurements was performed on nuclei fixed in Carnoy’s fluid. These 
data are presented in the third column of Table II. It was again found that the 
pycnotic nuclei have a lower Feulgen/methyl green ratio, and that the staining dif- 
ference was even more pronounced after Carnoy than after formalin fixation. These 
cases therefore appear to represent a basically different pattern of pycnosis than 
that described for tumor nuclei. 

It is also of interest to compare the difference between the staining capacity 
of both types of chromatin after Carnoy and formalin fixation in terms of average 
amounts of dye bound. The compositions of the measured nuclear populations 
with respect to polyploidy were similar: the formalin data are given in Figure 5; 
in the Carnoy series 19 diploid nuclei had a mean Feulgen dye content of 55 + 1.7, 
and two tetraploids averaged 105; the over-all average was 59, while that of twenty 
pycnotic masses was 46, a 22 per cent reduction compared to the normals. The 
complete data for such a comparison are given in Table III. 

It can be seen that the Feulgen values of both normal and pycnotic nuclei are 
about twice as high, after formalin fixation, as they are in Carnoy-fixed material. 
On the other hand the methyl green contents of pycnotic masses are almost identical 
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TABLE II 


Means + S.E. of the ratios of optical densities obtained by Feulgen, methyl green and 
fast green staining. Numbers of determinations in parentheses 


Formalin fixation Carnoy fixation 


Feulgen* Feulgen* Feulgen* 
Fast green*** Methyl green**** Methyl green**** 


Normal nuclei 1.50 + 0.07 (33) 1.15 + 0.02(36) 1.58 + 0.02(21) 
Pycnotic masses 0.60 + 0.01(45) 0.95 + 0.03(46) 0.96 + 0.02(20) 
% change in pycnosis — 60 - 17 39 


* Calculated in terms of Esi9,~ 51% of peak absorption at 570 my. 

** Calculated in terms of E50, peak absorption. 

*** Calculated in terms of Egon, ~ 53% of peak absorption at 635 mu. 
**** Calculated in terms of E650, peak absorption. 


after the two types of fixation, while the methyl green stainability of normal nuclei 
is substantially greater after formalin. 


DISCUSSION 


The results obtained by the three staining methods employed in this investiga- 
tion will be discussed separately in the succeeding paragraphs. 


a) The Feulgen reaction 

Measurements of amounts of Feulgen dye were undertaken in order to obtain 
a standard against which the other two staining reactions could be compared. The 
average DNA content of pycnotic nuclei (or nuclear fragments) is lower than the 
average of normal nuclei. The data plotted in Figure 5 clearly show, however, 
that the largest of the pycnotic nuclei, although they fall into the same size range 
as normal diploid nuclei, have a markedly higher than diploid DNA content; in 
all probability these relatively large pycnotic masses result from the degeneration of 
normal tetraploid cells. The origin of the more frequent small pycnotic masses 
is less easy to establish: they might either represent early stages of degeneration 
of normal diploid cells, or more advanced stages of degeneration of tetraploids. 
The possible origins of the pyenotic nuclei are indicated by the arrows in Figure 5. 


raBLe III 


Average amounts of DNA in arbitrary units after different fixations 


Apparent increase 


Carnoy Formalin 
over Carnoy-fixed 


DNA content in Feulgen Normal 59 103% 
units Pycnotic 46 100% 


DNA content in methyl Normal 
green units Pycnotic 
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As indicated above, the degrees of nuclear degeneration in this tissue cannot be 
easily seriated because karyorrhexis accompanies the degenerative process right 


from its onset. 

The amount of Feulgen dye per nucleus differs by a factor of two in the formalin 
and Carnoy series. It has been previously known that Feulgen intensity can vary 
greatly, depending on the type of fixative used, and the conditions under which the 
reaction is performed (Sibatani and Naora, 1952). These factors have been 
discussed by Swift (1955). It must again be emphasized that these differences in 
Feulgen intensity are due to intrinsic factors related to the availability of aldehyde 
groups for the Schiff reagent, and cannot be explained on the basis of the “distri- 
butional error” in cytophotometry (cf. Ornstein, 1952). Although the absorption 
curves of Feulgen-stained nuclei differ somewhat after Carnoy and formalin fixation 
(the absorption maxima being located at 560 mp» and 570 my, respectively), this 
difference, or any other slight distortion of the curve, is far too small to account for 
a 100 per cent difference in staining intensity. In the present context it is im- 
portant to note that, whatever factor — be responsible for the staining difference 
between the Carnoy and a series, it has affected both normal and pycnotic 
nuclei to the same extent (see Table IIT). 


b) Methyl green staining of DNA 


The Feulgen measurements after either fixation demonstrated that the pycnotic 
masses averaged 22-23 per cent less DNA than the normal follicle nuclei. Any 
decrease in the Feulgen/methyl green ratio indicates a relative increase in basophilia 

DNA. Accordingly, each unit of DNA in pycnotic nuclei is able to bind more 
methyl green than the same quantity of DNA in normal nuclei. This effect 1s 
difficult to explain on the basis of the hypothesis, proposed by Kurnick (1950), that 
methyl green combines only with highly polymerized DNA. However, in the 
present writer's opinion, there exists little evidence for such a specificity of methyl] 
green when used in ordinary histological procedures. The reasons for this opinion 
were given in detail in a previous paper (Alfert, 1952). Observations made at 
that time were in good agreement with the present data and supply a reasonable 
explanation for the increased basophilia of pycnotic chromatin. 

It was formerly noted that intensity of methyl green staining depended on the 
degree of protein interference, i.c., competition of basic groups of certain nuclear 
proteins ‘with dye molecules for nucleic acid phosphate groups. Agents which 
abolished or combined with protein amino groups (acetylation, Van Slyke reaction, 
formalin treatment) at the same time enhanced the methyl green stainability of 
DNA. In the former experiments acetylation or Van Slyke reaction had raised the 
methyl green stainability of Carnoy-fixed mouse pancreas nuclei between 40 per 
cent and 61 per cent (Alfert, 1952; Table III, p. 153) ; in the present series (Table 
III) the dye-binding capacity of normal follicle nuclei is 43 per cent greater after 
formalin than after Carnoy. It therefore appears that methyl green stainability 
is partially inhibited in normal follicle nuclei by protein interference, and that most 
of this inhibition can be removed by formalin treatment. The pycnotic degenera- 
tion may by itself have resulted in a physical separation of the nucleoprotein com- 
plexes, leading to an unmasking of stainable groups of DNA. Consequently 
formalin treatment would have no further effect on the dye-binding capacity of 
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pyenotic chromatin. As the data in Table III indicate, almost identical methyl 
green values were obtained for pycnotic nuclei after either fixation. 

This hypothesis can be put somewhat differently in terms of the Feulgen/methy] 
green ratios listed in Table II. (One can then make the comparison within each 
series of measurements instead of between two series of independent samples. ) 
After Carnoy fixation there is a large difference between the Feulgen/methyl green 
ratios of normal and pycnotic nuclei, because methyl green staining is partially 
inhibited in the former and uninhibited in the latter. This difference is much 
smaller in the formalin-fixed series, because formalin had the effect of “equalizing” 
the staining capacities of normal and pycnotic chromatin by removing at least a 
large fraction of the staining inhibition present in normal nuclei only. 

The protein fractions responsible for staining inhibition, and which may be 
dissociated and perhaps lost during pycnosis, seem to consist of non-histone pro- 
teins. It is known from the work of Mirsky and Ris (1951) that a variable 
fraction of nuclear DNA may be associated with non-histone protein. Such a 
condition could be reflected in differences between the Feulgen/methyl green 
ratios of different nuclear types if one assumes that methyl green cannot displace 
non-histone proteins, but is capable of competing with histones for binding sites 
on the DNA molecule. The present fast green data, still to be discussed, justify 
at least the second part of the foregoing assumption. 

In the previous investigation (Alfert, 1952) Feulgen/methyl green ratios 
of mouse tissues fixed in Carnoy’s fluid were determined at different wave-lengths 
from the ones used here for guinea pig follicle cells. If the data are recalculated 
for the same wave-lengths, reasonable agreement is obtained: in terms of peak 
extinctions, the formerly found ratio of 2.47 becomes 1.78 against the present 
one of 1.58 (Table II). In mouse embryonic nuclei (Swift, 1953) and plant 
nuclei (Alfert, 1952) very different Feulgen/methyl green ratios have been 
observed. 


c) Fast green staining of basic proteins 


lhe changes in fast green stainability that occur in pycnosis are of the same 
type as those discussed in connection with methyl green, but more extreme: per 


unit of DNA the basic proteins bind more dye in pycnotic than in normal nuclei. 


Basic proteins have thus not been lost, but appear to have become highly con- 
centrated, and even increased, during pycnosis. 

In case of the methyl green stainability of DNA, the observed increase in dye 
binding of pycnotic chromatin could safely be attributed to a mere increase in 
basophilia, since the concurrent Feulgen measurements demonstrated that the 
actual amounts of DNA per nucleus had not increased. The fast green measure- 
ments are more difficult to interpret. The decreased Feulgen/fast green ratio 
could have one of two reasons (or a combination of both): 1) either the actual 
amounts of stainable groups have increased in pycnotic nuclei, or 2) the amounts 
have not changed but their ability to bind acid dye has increased (similar to the 
increased basophilia of DNA). Until an independent method for the determina- 
tion of basic proteins in these nuclei becomes available it will not be possible to 
distinguish with certainty between these alternatives. An actual increase in the 
amounts of fast green stainable groups could occur by degradation of non-histone 
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proteins into acid and basic residues and subsequent loss of the acid portions only. 
At present there is no evidence that this actually occurs, but until it is excluded 
the explanations for the observed change in fast green stainability must of neces- 
sity be speculative.’ 

In previous applications of the fast green method for histones it was found 
that nuclei can undergo wide physiological variations in size and protein content 
without apparent change in the number of stainable histone groups (cf. Alfert and 
Geschwind, 1953; Alfert, Bern and Kahn, 1955). There are, however, differences 
in the relative histone stainability among different nuclear types; sperm cells, 
especially, which are known to contain very basic proteins, stain correspondingly 
stronger than somatic nuclei. Staining artifacts, due to interference by acid pro- 
tein, have also been described by Bloch and Godman (1955a) in model systems 
designed to test the fast green-histone procedure. More recently, Bloch and 
Godman (1955b) have observed parallel deviations of Feulgen/methyl green and 
Feulgen/fast green ratios during “differentiation” of formerly rapidly dividing 
embryonic cells. In that case these ratios increased together as the nuclei grew 
in size and protein content; in the present case, both ratios dropped as the nuclei 
condensed. However, changes in these ratios do not always occur simultaneously : 
the macro- and micronuclei of the ciliate Tetrahymena pyriformis have identical 
Feulgen/methyl green but different Feulgen/fast green ratios ( Alfert and Goldstein, 
1955). At present it is impossible to decide in which of these instances actual 
changes in the amount or character of the basic proteins occur, and which result 
from variable degrees of staining interference by non-histone protein fractions. 


CONCLUSIONS 


Acid and basic staining methods which depend on salt formation between dye 
and substrate ions are at least under certain conditions subject to artifacts due to 
competing ions (cf. Swift, 1953). There is strong evidence that such a mechanism 
is responsible for the difference in methyl green stainability between normal and 


pyenotic chromatin. The model experiments of Bloch and Godman (1955a) 
demonstrate that the same effect could also be responsible for the change in fast 
green stainability of histone. A hypothesis which agrees with the known facts, 
but which will require eventual analytical confirmation, can be construed as 


follows: 

In normal chromatin DNA, histones and non-histone proteins are intimately 
combined (cf. Mirsky and Ris, 1951; Bernstein and Mazia, 1953). The nature 
of this complex is such that only a fraction of the acid groups of DNA and of 
the basic groups of histones are available for dye binding. The pycnotic de- 
generation leads to a dissociation of this complex that is reflected in the structural 
changes which accompany pycnosis: nucleohistone condenses to a greater extent 
than the remaining protein fractions. This dissociation leads to the unmasking 


1 This possibility was subsequently tested by comparing histone content after pycnosis in 
two types of nuclei which, in the normal condition, had been found to contain equal amounts 
of histones but greatly different amounts of total protein. Mouse kidney slices were allowed 
to autolyse and histones were measured in pycnotic nuclei of collecting ducts and of proximal 
convoluted tubules. Both types of nuclei exhibited identical increases in histone stainability 
over the normal condition. 
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of stainable groups in both moieties of the nucleohistone. A similar mechanism 
has previously been invoked by Kelley (1939) who observed differences in 
toluidine blue basophilia among resting, dividing and necrotic nuclei and with whose 
observations the present data agree. 

The main interest of the data presented here lies in the possibility that they 
may furnish an indirect clue to some physical properties of nucleoprotein com- 
plexes in normal nuclei, and provide a starting point for further investigations. 
The apparent existence of widely different patterns of pycnotic degeneration is 
also noteworthy. 


The author received financial support from the University of California Cancer 
Funds and technical assistance from Mrs. Norma O. Goldstein. We are indebted 
to Dr. Dorothy Pitelka and Miss Jane Westfall for methacrylate embedding and 
thin sectioning of some of the material used in this investigation. 


SUMMARY 


1. Quantitative changes in the staining capacity of nuclear DNA and basic 
proteins during pycnosis of guinea pig follicle cells were investigated by photometric 


techniques. The great density of these pycnotic nuclei requires special precautions 
during photometric analysis. 

2. The results show that amounts of measurable DNA, in terms of Feulgen 
dye, decrease during pycnosis, probably because of progressive nuclear fragmenta- 
tion. At the same time the methyl green basophilia, per unit Feulgen-DNA, 1s 
greatly enhanced. Basic proteins show an even greater relative increase in their 
capacity to bind acid dye during pycnotic degeneration. 

3. These data are interpreted to indicate that a dissociation of the normal nu- 
cleoprotein complexes occurs during the degenerative process; this leads to un- 
masking of charged groups which had previously been unavailable for combina- 
tion with dye ions. 

4. The pattern of pycnosis in the present material appears to differ from that 
previously described for tumor nuclei. 
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IODINE EXCHANGE IN ASCOPHYLLUM 


NORMAN A. BAILY?!;4 AND SALLY KELLY ?: 


Radiological Research Laboratory, Columbia University and Marine Biological Laboratory, 
Woods Hole, Massachusetts 


In a preliminary study of iodine uptake in the brown algae (Kelly and Baily, 
1951) the process was interpreted as involving an exchange between iodine in the 
cells and iodine in the sea water. The experiments described here were carried 
out to verify, elucidate and provide quantitative information on this process. In 
general, experimental data were obtained by measuring the radioactivity of seg- 
ments of the brown alga, Ascophyllum nodosum (Linn.) LeJolis, and of solutions 
containing radioactive iodine to which the segments were exposed. 

The experimental techniques followed those reported previously with the 
following exceptions : 


1. The medium used as carrier for radioactive iodine was natural sea water 
rather than Van’t Hoff artificial sea water plus iodide. The percentage of radio- 
active iodine removed from the natural sea water follows closely that from 
artificial sea water. 

2. The liquid samples removed for counting were five ml. rather than two ml. 
in volume. The larger volume was used to reduce the variations in counting that 
result from pipetting errors. 

3. The amount of radioactive iodine in solution was reduced from 14 to 0.1 
microcuries per ml. since a more sensitive Geiger counter was used for sample 
counting. 

4. By means of glycyl-glycine buffer, the pH of solutions during experimental 
periods was kept at eight to eliminate loss of iodine that occurs at lower pH. 


To determine whether the exchange takes place only between living cells and 
sea water, the removal of radioactive iodine from solution by segments which had 
been killed by boiling and were no longer respiring was compared with that removed 
by living segments. After exposure to radioactive iodine for 1.6 hours, the 
living segments contained considerable radioactivity and the dead ones a negligible 
amount (Table 1). The exchange, therefore, is characteristic of living cells only. 
This agrees with the previous finding (Kelly, 1953) that uptake of radioactive 


iodine is decreased by respiratory inhibitors. 
lo determine whether diffusion, a phenomenon occurring in non-living as 
well as in living systems, contributed to radioactive iodine removal from sea water 


1 Address: Roswell Park Memorial Institute, Buffalo, New York. 

* Address: Division of Laboratories and Research, New York State Dept. of Health, 
Albany, New York. 

8 The authors’ thanks are due to the Lalor Foundation for its generous fellowship program 
at the Marine Biological Laboratory. 

* This document is based on work performed under contract AT-30-1-Gen-70 for the Atomic 
Energy Commission. 
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TABLE | 


Removal of radioactive iodine by living segments and by segments killed by boiling 


Counts per second in segments 


Exposure perio 


Living 
hours) & 


during long exposure periods, the dead segments described above were replaced 
in their solutions and allowed to remain for fourteen hours. After this period, 
their radioactivity had increased only slightly (Table 1). Diffusion into segments, 
then, does not materially contribute to the removal of radioactivity from solutions. 

The form in which iodine is removed from sea water is of importance in 
elucidating the exchange process: iodides and iodates both occur in natural sea 
water. Removal of radioactive iodine was determined, therefore, in the presence 
of iodates only and in the presence of iodides only. A solution containing iodates 
only was obtained through conversion of iodides present in sea water (including 
added radioactive iodide) into iodates by oxidation with bromine water, followed 
by boiling to remove excess bromine. As seen in Table II, radioactive iodine 
removal by segments from solutions so treated is negligible. Exposure of segments 


for longer periods does not materially increase removal of iodate (Fig. 1). While 


an exponential uptake is indicated by this curve, the actual amount taken up by the 
algae is negligible when compared to our earlier results or to those which will be 
discussed in later sections of this paper. lodine, then, is not removed from sea 
water in the form of iodates by this particular system. 

\ solution containing iodides only was obtained by reducing natural sea water 
(containing added radioactive iodide) with sodium bisulfite. The pH was ad- 
justed to eight in order to prevent oxidation and iodine loss. The removal of 
radioactive iodine from such solutions was similar to that from untreated solutions 


raBLe II 


Removal of radioactive todine by Ascophyllum segments exposed to solutions containing 


ther iodides only or iodates only. Figures are those from a typical experiment 


lodide 
lodate 


Natural sea water 
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Figure 1. Exchange of potassium iodate ions between Ascophyllum and natural sea 
water containing I™. All iodine in this solution had been oxidized before the Ascophyllum 
segments were placed in the solution. These points represent the average of three determina- 


tions. 


(Table Il) and far exceeded that from solutions containing iodates only. The 
iodine removed from sea water by the alga is then in the form of iodides. 

The removal of radioactive iodine from sea water over a fifteen- to twenty-hour 
period follows a definite pattern, interpreted previously as involving an exchange 
between iodine within the alga and iodine in the surrounding medium. It has 
further been suggested (Kelly and Baily, 1951) that this exchange process pro- 
ceeds at two rates: a rapid rate between iodine in the intercellular spaces and the 
sea water, and a slower rate between iodine in the intercellular spaces and the cells 
themselves. Indeed, the physical makeup of the alga lends itself to this type of 
formulation, since the segments are made up largely of loosely packed cells. 

The removal of radioactive iodine from sea water (Fig. 2) follows a curve 
with two distinct slopes. This curve can be obtained mathematically when the 
following mechanical model is assumed: We visualize a system made up of three 
separate compartments. The first such compartment is the environment in which 
the ascophyllum is placed, namely the radioactive sea water. The ascophyllum 
itself makes up the second and third compartments. These are the intercellular 
and cellular spaces. 

The initial rapid increase of radioactivity in the segments comes about as jodide 
ions penetrate the outermost layer into the intercellular spaces of the “cortical” 
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Iodine exchange between Ascophyllum segments and a solution of natural sea water 
containing I’. This curve represents the results of a typical experiment. 


region. Here, the entering ions exchange with those present in the intercellular 
spaces. 

Since the ions in the intercellular spaces are readily accessible to the entering 
ions, the exchange rate between them is rapid. The ions in the intercellular 
spaces then penetrate the cell membranes and exchange with iodides within the 
cell. This exchange rate is less rapid, since penetration through membranes must 
also be achieved. 

The initial slope of the curves indicates that the rate at which the iodide ions 
enter the intercellular spaces is much greater than that with which they enter 
the cellular space. However, as equilibrium between I'** and I'*' ions in the 
intercellular space is approached, the slope of these curves approaches that which 
would be entirely due to the rate of ion transport from intercellular to cellular 
space. Finally, as the curve becomes truly exponential, its slope will be the rate 
at which iodide ions are moving from intercellular to cellular space. The model 
and the experimental evidence suggest, also, that the non-cellular material on the 
outer cells of the alga is more permeable to the iodide ion than are the cell mem- 
branes. The failure of the curve to reach zero slope suggests further that iodine 
may be used by the cells in metabolic processes. The equilibrium that was reported 
attained in previous work, was probably not an equilibrium at all but a levelling off 
of iodine removal because of iodine loss from the solution with time, since no 
attempt was made in the previous work to control pH. 
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In preliminary experiments designed to determine the rate of iodine removal, 
the alga was exposed to sea water containing radioactive iodine for short periods 
of time, as indicated in Figure 3. While the data obtained could not be used to 
calculate the actual rate, the curve indicates a total uptake increasing exponentially 
and consequently an uptake rate which is a function of time. 

Since it was found that the exchange process involved iodine which is in the 
form of iodides, the removal of radioactive iodine was studied in which all the 
iodine was reduced to iodides. The concentration of iodine in this experiment was 
200 gamma per liter. This high concentration of iodide was used since it became 
evident that the amount of iodine exchanged was dependent upon concentration. 
Under natural conditions, the amount of iodine exchanged by the alga is limited 
obviously by the concentration rather than by the total amount of iodine available. 
This and subsequent experiments show that a concentration of 200 gamma per 
liter in the volume provided is not sufficient to bring the segments to a saturated 
condition (Figs. 4 and 5). 
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Figure 3. Iodine exchange between Ascophyllum segments and natural sea water containing 
radioactive iodine. Each point is the average of three determinations 
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Ficure 4. Exchange of iodide ions between Ascophyllum and natural sea water having a 
total iodide content of 200 gamma per liter. All iodine was converted to iodides. Solutions 
were buffered to pH 8 using glycyl-glycine. 


If an exchange of iodine occurs, then segments pre-soaked in radioactive iodine 
solutions will release their radioactivity to similar but non-radioactive solutions. 


As indicated in Table IV, the release of radioactive iodine from presoaked seg- 
ments followed the course which would be expected from an exchange process. 
The removal of radioactive iodine from sea water by whole plants, using a 
volume of 825 ml. per plant, is similar to that removed by groups of segments. 
In order to demonstrate that the iodide concentration influences the exchange 
rate, removal of iodine was studied when the external concentration of iodide was 
varied. If segment permeability is assumed to remain constant during the experi- 
mental period, the only other factor influencing the exchange rate is the relative 
concentration of iodine in the segments and in the surrounding medium. As the 
external concentration of iodide is varied, the per cent decrease in radioactivity of 


raBLe III 


Radioactive iodine removed from solution by Ascophyllum segments as a function of time and of initia 
iodide concentration. Each figure is the result of three determinations 


Per cent of initial activity remaining in solution 


Exposure time (hours 
Concentratio 


odide 
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Ficure 5. Iodide exchange between Ascophyllum segments and sea water having iodide 
content of 200 gamma per liter. Each point represents the average of five determinations. 


the surrounding medium during a certain time interval should remain constant. 
As indicated in Table III, the amount of iodine exchanged is dependent upon 
external concentration for iodide concentrations of less than 5 milligrams per liter 
of sea water under the experimental conditions employed. 

Table III also suggests that even at extremely high iodide concentrations 
(100 mg./liter) natural conditions are not duplicated. Since the alga has pre- 


raABLeE IV 


Radioactive iodine exchanged into sea water solutions by segments of algae 
which had been soaked in radioactive sea water 


; Counts per second in solution 
lime (hours) after radio- 
active segments were 
placed in the solution 
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viously been in an environment capable of supplying all the iodine it was capable 
of absorbing, it is assumed to be in an iodine-saturated condition. If so, when 
it is exposed to a radioactive sea water solution, the total amount of radioactivity 
removed from this solution would not be dependent on iodide concentration pro- 
vided the concentration is great enough to carry out the exchange process at the 
same level as would take place in its natural habitat. 

Under conditions of saturation, the radioactivity removed from solution should 
reach a stable value. That is, a given amount dependent on the ratio of [*** to ['*" 
would be removed, and no further depletion of radioactivity in the solution would 
take place as time progressed. This amount removed would then tell us the ratio 
of total iodine content within the alga to that in sea water. 

This condition was satisfied experimentally in the following manner: alga seg- 
ments were transferred hourly to 10-ml. sea water solutions containing one mg. 
liter iodide, and the decrease in radioactivity of each solution measured. This 
procedure was repeated until the solutions no longer showed a decrease in radio- 
activity. Twenty-one to twenty-four hours was the time required for this condition 
to be reached. 

To calculate the ratio of the initial concentrations of iodine in the segments 
to iodine in the solution, the following procedure was used: 


128 


the amount of I'?* in the initial solution 

the fraction of I'*' in the initial solution 

the fraction of I'* in solution at the end of /# hours 

the amount of [8 initially in the segments 

the fraction of I'*' in the segments at the end of / hours. 


Now the amount of I" in solution at ¢ = 0 must be”exactly equal to the 
amount of I! in solution at ¢ = h plus the amount of I'* in'the segments at 
t=h. 

=f’ Lo + fale’. 


\t the end of m hours, when equilibrium is reached, 


nf — > fi'| Io 


l 


At equilibrium, fn 


The average ratio (3 determinations) of /,’ to /, by this procedure is 4.20 + 
0.16. 

The volumes of solutions and segments were 10 ml. and 0.189 ml., respectively. 
These give a value of 220 for the ratio of the concentrations. 
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On the basis of the fresh weight of the alga, the amount of iodine contained by 
the segments is 0.19 milligram per gram. 


SUM MARY 


1. Through the use of radioactive iodine the following information concerning 
the removal of iodine from sea water by Ascophyllum has been established: the 
removal occurs as an exchange process between iodine in the sea water and iodine 
already present in the cells; the iodine is exchanged in the form of iodides, not 
iodates ; the exchange takes place in living cells only and in entire plants as well 
as the isolated segments studied in detail. 

2. The exchange rate is dependent upon concentration of iodine available. 
Two different exchange rates may exist, suggesting that a two-step process is 
involved. 

3. The iodine concentration within the alga is about 220 times that of sea 
water and the absolute iodine content of the alga examined was 0.19 mg./g. fresh 
weight. 
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INTRACELLULAR SYMBIOSIS IN COCKROACHES. I. PRODUCTION 
OF APOSYMBIOTIC COCKROACHES! 


MARION A. BROOKS AND A. GLENN RICHARDS 


Department of Entomology and Economic Zoology, University of Minnesota, 
St. Paul 1, Minnesota 


Most of the literature on endosymbiosis is of a descriptive rather than an ex- 
perimental nature, and the theories on the role of the symbiotes are usually based 
on circumstantial evidence. Practically all symbiote-bearing insects feed on diets 
which are incomplete or inadequate in certain substances known to be required 
by non-symbiotic insects or by vertebrates (Buchner, 1953). The only known 
symbiote-bearing insects among the general feeders are the ants, primitive termites, 
and cockroaches. Interestingly enough, parasites feeding on vertebrate blood do 
not possess symbiotes if during their larval stages they feed on a general diet, 
as is the case with mosquitoes, fleas and tabanids. It is also well known that 
among the Hemiptera-Homoptera, symbiotes are found only in the bugs which feed 
on vertebrate blood or plant juice but not in the bugs which are predacious on 
other insect species. 

In any insect species which has intracellular symbiotes, the microorganisms have 
been found in every individual that was examined for them. Frequently the 


symbiotes are in anatomical relation to the insect’s digestive tract. Thus it seems 
logical to ascribe to symbiotes a role in the nutrition of the insect host. 
Hypotheses as to symbiotic functions are difficult to prove simply because in 
the majority of cases the two organisms are by nature inseparable. In those cases 
where the symbiotes are transmitted from one generation to the next as contaminants 
gg it is relatively easy to obtain aposymbiotic insects.? By 


on the surface of the e 
surface-sterilization of eggs, larvae of a few insects have been obtained free of 
intestinal symbiotes and these larvae were unable to grow and reproduce normally 
(Koch, 1933; Schneider, 1940; Wigglesworth, 1952; Fraenkel, 1952). Pant and 
Fraenkel (1954) have actually identified certain B-vitamins and sterols provided 
by the yeast symbiotes of two beetles. 

But when the symbiotes are intracellular and are transmitted in the cytoplasm 
of the egg to an intracellular location in the embryo, the sequence is far more diffi- 
cult to interrupt. The only literature known to the present authors of removal 


1 Paper No. 3328, Scientific Journal Series, Minnesota Agricultural Experiment Station, 
St. Paul. The work described in this paper was supported by a contract between the Office of 
the Surgeon General, Department of the Army, and the University of Minnesota. The 
material presented was included in a thesis submitted by Marion A. Brooks to the graduate 
faculty of the University of Minnesota in partial fulfillment for the degree of Doctor of 
Philosophy. 

2 Several entomologists have queried our use of the word “aposymbiotic.” It seems desirable 
to distinguish between insects which normally do not have symbiotes and those which normally 
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in the former case and “aposymbiotic” in the latter. 
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of intracellular symbiotes is the work of Aschner (1934) and Aschner and Ries 
(1933) on the body louse. In young embryos of this insect, the symbiotes congre- 
gate in a stomach disc, and during larval development the symbiotes migrate 
from the stomach disc to an ovarial mycetome from which they ultimately infect the 
eggs. If embryos were centrifuged so that the stomach disc, containing the sym- 
biotes, was displaced, the symbiotes were unable to reach the mycetome. Larvae 
with uninfected mycetomes grew poorly and died prematurely. On the other hand, 
if infected mycetomes were surgically removed from normal larvae, the symbiotes 
were unable to reach the ovaries and this was followed by lack of egg development. 
These experiments indicate that the symbiotes are involved in both growth and 
reproduction. 

The cockroach was one of the first insects recognized as having intracellular 
bodies presumed to be symbiotes (Blochmann, 1887). Blochmann discovered 
within the abdominal fat body discrete mycetocytes packed full of rod-shaped 
objects which he called bacteroids. Several later authors contributed information 
on the fine morphology of the bacteroids, the manner of their transmission, and the 
embryological development of the cockroaches (for reviews and complete bibliog- 
raphy, see Buchner, 1953; Steinhaus, 1947). 

According to Buchner (1953), the presence of bacteroids has now been proved 
in 25 species of 16 genera of cockroaches so far examined. Although the micro- 
anatomy and details of transmission and embryological development vary from 
species to species, the general type of bacteroid-infection holds true throughout the 


whole order. 
In brief, the bacteroids are always restricted to the mycetocytes (Fig. 1) of the 
fat body in both males and females except that in females some mycetocytes migrate 


to the ovaries in early nymphal life (Fig. 2). Bacteroids enter the ovarioles but 
the method of penetration of the tunica propria is unknown. The bacteroids re- 
main in a peripheral layer within each odcyte as it develops (Fig. 5). 

In males, mycetocytes surround the testes (Fig. 6) of young nymphs but 
bacteroids have not been found in the testes and there is no evidence that bacteroids 
are transmitted by males. 

During embryological development, the bacteroids are carried to the center 
of the egg with the cleavage nuclei. Although a variety of processes intervene 
at the next step in different species, in the subsequent development of the German 
cockroach, at least, the bacteroids get into the already-formed mycetocytes while 
the fat body is still segmented (Koch, 1949). Here again the method of migration 
of the bacteroids is unknown, as they give no evidence of motility. In young 
embryos of the German roach, the mycetocytes differentiate in clusters, one in each 
lateral half of abdominal segments 2 through 6. As development proceeds, the 
mycetocytes separate, increase by mitotic divisions (Brooks and Richards, 1955a), 
and become distributed throughout the visceral fat body of the abdomen. They 
do not enter the first, seventh, or eighth abdominal segments, the peripheral fat, 
or the thorax. 

The visceral fat body of the abdomen is a diffuse, lobulated or branched tissue 
filling the hemocoel. It surrounds the intestinal canal and the gonads, and is itself 
enmeshed with tracheoles and Malpighian tubules. 

The mycetocytes are distinctly different from the other cells of the fat body. 
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1. Mycetocytes (several indicated by arrows) in fat body as seen in cross-section 
The section is turned so that the ventral side 


sectioned at 10 4, 


of a senad eek old German cockroach nymph. 
Fixed in Carnoy’s fluid, 


of the insect is on the right side of the photograph. 
stained with Delafield’s hematoxylin and counterstained with clove oil saturated with erythrosin 
After this treatment, the mycetocyte nuclei are blue and the bacteroids en masse are rose- 
violet or red. Individually the bacteroids appear hollow, the cell walls distinct and purple 


The section was photographed with the aid of a Wratten red filter A (25) 
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The mycetocyte nuclei are relatively large and, in thin sections following Giemsa’s 
stain, one may see that the cytoplasm appears fibrous. In normal roaches the 
mycetocytes are filled with bacteroids and have a sub-spherical or slightly stellate 
shape, with a diameter in the order of magnitude of 20 x. 

The method of transmission which has been described for cockroaches is called 
“hereditary transmission” or “transovarial infection.” 

Blochmann (1887) found that the bacteroids stained positively with Gram’s 
stain. Figure 3 is a photomicrograph of Gram-stained bacteroids liberated from 
mycetocytes by crushing a piece of fat body on a microscope slide. The bacteroids 
in German roaches are approximately 3-6 p» in length and 0.9 » in diameter. They 
are frequently seen in what appears to be a process of transverse constriction. 

Numerous attempts to prove the bacterial nature of the bacteroids by culturing 
them have at best been ambiguous. Gier (1947) states that the most perplexing 
problem in symbiote cultivation is the identification of the cultured organism. 
This is true because there has not been a cockroach positively known to have been 
deprived of its microorganisms so that a modified statement of Koch’s third and 
fourth postulates could be tested. 

As Lederberg (1952) stated (p. 415) in respect to symbiotic problems in gen- 
eral, “Too little emphasis has been placed on the occurrence and behavior of 
‘disinfected’ or aposymbiotic individuals, and on the criterion of re-infection for 
the specificity and identity of the endosymbiotic microorganism.” 

Brues and Dunn (1945) attempted to eliminate the bacteroids by injecting 
various sulfa drugs and penicillin into the large tropical roach, Blaberus cramniifer. 
Doses of sulfa comparable to or higher than the mouse tolerance had no effect 
on the bacteroids. Penicillin, on the other hand, if given in tremendously large 
doses killed, or at least greatly reduced, the bacteroids (as observed in stained 
sections) ; but the cockroaches died. Since death did not result immediately, the 
authors thought it was caused by the lack of the bacteroids rather than by the 
toxic effects of the penicillin. 

Glaser (1946) administered sodium sulfathiazole in the drinking water and 
injected sodium and calcium penicillin into the body cavities of adult American 
roaches, Periplaneta americana. He also subjected a few adults and. some nymphs 
to prolonged high temperature (39° C.). About 38% of all his treated animals 
survived. Upon sacrificing the survivors, he observed that the bacteroids in the 
fat body and in the ovaries were either modified or absent and that the ovaries 
themselves had usually retrogressed. Glaser made the interesting observation that 
heat treatment of juveniles abnormally prolonged their development. 

Noland (personal communication) confirmed Glaser’s penicillin and heat effects 
and also extended sulfa treatments to include the German roach, Blattella germanica. 
In every instance where the bacteroids were reduced to the vanishing point, the 
ovaries were incapable of reproduction. Both Glaser and Noland based their diag- 
noses on Gram-stained smears. 


Figure 2. Mycetocytes (indicated by arrows) within the ovary of a three-week old 
nymph. Prepared as above. 

Ficure 3. A smear of fat body from a German cockroach stained with Gram’s stain. 
Bacteroids are Gram-positive. 

Figure 4. Cross-section of a young aposymbiotic nymph. There are no mycetocytes or 
bacteroids in the section. Prepared as in Figure 1. 
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Ficure 5. Bacteroids (appearing circular in section) forming a peripheral layer under 
the tunica propria of young oOcytes. m = mycetocyte; 0 = odcyte. Prepared as in Figure 1 

FicurRE 6. Mycetocytes (indicated by arrows) appressed to or near the testes of a three- 
week old nymph. Prepared as in Figure 1 


Conclusive results were not obtained from the series of experiments mentioned 
above because it was impossible to distinguish the effects of the drugs or heat from 
the effects of the loss of the bacteroids. 

The present study was planned as an extension and elaboration of the works 
of Brues, Dunn, Glaser, and Noland with the hope that among the newer anti- 
biotics there would be one more effective in eliminating the bacteroids and yet 
allow the treated cockroaches to live and reproduce. 


MATERIALS AND METHODS 


The German cockroach, Blattella germanica L., was used primarily because of 
its short life cycle. Another fact in its favor is its small size, which reduces the 
expense and labor of making serial sections of whole insects. The original colony 
was established by catching a few adults in the laboratory building. Females with 
ripe egg capsules were individually segregated in small cages and the nymphs, upon 
hatching, were randomly divided and distributed to several matched cages for 
testing antibiotic and dietary variables. In this way groups of 8 to 10 genetically 
similar insects were used for comparing sets of 4 differently-supplemented diets. 

Records were kept of the dates of maturity, the appearance of the first egg 
capsules, the hatching of the first nymphs, and the death of the individuals of the 
first generation. The first filial generation was again divided and distributed 
and similar records kept for them, and in certain cases the second filial generation 
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was studied likewise. In this way pedigrees were established for three-generation 
spans on some of the diets. 

A total of 18 different antibiotic-diet combinations was fed over a period of 15 
months. Once the effects of the antibiotics or diets became known, the laborious 
record-keeping became unnecessary and larger pooled groups were used for 
obtaining growth curves. The nymphs were anesthetized with carbon dioxide gas, 
brushed clean of food and debris, and weighed in a vial on an analytical balance. 

The crude diet used for feeding stock cultures of the cockroaches and for a 
base in some of the experimentally supplemented diets was a dog biscuit known as 
“Morton’s Kibbies,” obtained from the Morton Dog Food Company of Minne- 
apolis. The cc.atent of this biscuit is given on the bag as follows: 


corn meal linseed oil meal 

kelp Fleischmann’s irradiated dry yeast 
baking powder cod liver oil 

second clear flour meat and bone meal 

brewers yeast standard wheat middlings 

fish meal chlorophyllin (in a carrier of 
soybean oil meal dehydrated alfalfa leaf meal) 
feeding oat meal 


The analysis of the biscuit is given as follows: 


protein, minimum = 19.00% 
fat, minimum = 2.50% 
fibre, maximum = 4.00% 
NaCl, maximum 1.13% 


Ca, minimum 2.42% 
P, minimum = 1: 2355% 


The mineral content, less than 5%, is salt, potassium iodide, iron oxide, manganese 
sulphate, and calcium carbonate. After the ingredients are mixed, they are 
toasted at 380—390° F. (= 193-199° C.) for 32 minutes. 

When this dog biscuit was used for experimental insects, it was ground in a 
food grinder and then finely pulverized in a ball mill. 

The antibiotic and sulfa-drug supplements were from the following sources: 
chloromycetin (chloramphenicol), Parke, Davis and Company; aureomycin, 
crystalline, Lederle, Lot CP-103-1; aureomycin calcium drops, complimentary sam- 
ple, Lederle Laboratories Division, American Cyanamid Company; sodium sul- 
fathiazole (sesquihydrate) Merck U.S.P., complimentary sample, Merck and 
Company, Inc.; succinyl sulfathiazole Mann U.S.P., complimentary sample, Mann 
Fine Chemicals, Inc. 

For heat treatments, the cockroaches were subjected to high temperatures of 
repeated short exposures in a heating chamber patterned after that of Noland 
(1944) or to somewhat lower temperatures for constant long exposures as Glaser 
(1946) had done. 

Determination of the presence and condition of the bacteroids was made almost 
entirely by histological serial sections because smears proved unreliable. The 
material was routinely fixed in Carnoy’s fluid, dehydrated through an ethanol- 





28 MARION A. BROOKS AND A. GLENN RICHARDS 


butanol series, embedded in paraffin, sectioned at 10 », and stained with Dela- 
field’s hematoxylin followed by counter-staining with clove oil saturated with 
erythrosin. Flemming’s fixing fluid and Heidenhain’s iron hematoxylin stain 
were less satisfactory. 

In some instances, fresh fat-body tissue or entire excised ovaries were incubated 
with neotetrazolium chloride by a special technique which stained only the bac- 
teroids (Brooks and Richards, unpublished data). 


RESULTS 
1. Effect of heat treatments 


One brood of newly-hatched German cockroach nymphs was subjected on 
successive days to a 0.6° C. rise per minute until 40°, 41°, 42°, 43°, and 44° C. 
were reached on respective days. On the last day only 20 of the 30 insects 
recovered. Several were sacrificed for histological study and the rest were kept 
at 25° C. without further heating. Of the 14 survivors, only 5 lived to maturity. 
They appeared normal and produced offspring. 

A second group of nymphs was brought to 40°, 42°, and 42° C. on three alter- 
nate days and maintained at those temperatures for 30 minutes. Several of these 
nymphs were sacrificed for histological sections immediately following the final 
heat treatment. 

The sections from both treatments were practically identical. The heat had 
caused a gross emaciation of the fat body so that it was only a thin sheath instead 
of plump lobes. The fat cells were the component which had suffered, as they 
had lost most of their cytoplasm and were reduced to little more than nuclei and 
cell membranes However, the only observable effect on the mycetocytes was 
that they were compactly rounded instead of stellate. As a net result the fat 
body consisted chiefly of mycetocytes. Some of the insects which survived the 
short heat treatments were sectioned 5 weeks later and at that time they presented 
a normal histological picture. 

Constant high temperature of longer duration was then used in five other 
experiments. The insects were acclimatized to 37° C. at 50% relative humidity, 
which exceeded the incipient lethal temperature, i.¢., the highest temperature be- 
yond which the insects could no longer live for an indefinite time. The effect of 
this temperature was studied on about 190 newly-hatched nymphs and 55 adults. 

Exposing nymphs to 37° C. for 14 days caused the same shrinkage effect of 
the fat body as had resulted from higher temperatures of shorter duration. The 


subsequent growth and maturation of the nymphs was delayed slightly. 


However, an exposure of between 17 and 22 days killed two-thirds of the 
nymphs by the time the heating period was ended and destroyed most of the 
bacteroids in the survivors. At the next molt, the cuticle of the survivors became 
a golden tan color instead of the normal dark brown-and-black. The subsequent 
growth of these nymphs was delayed by a period exceeding the length of the heat 
treatment; and only about one-third of them eventually reached maturity. 

Smears made of fat-body biopsies of some of these retarded insects failed to 
indicate the presence of any bacteroids but subsequent complete sets of serial 
sections of the same individuals showed normal mycetocytes although their num- 
bers were reduced. It is for reasons such as this that smears are unreliable indi- 
cators of the number of bacteroids 
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The most adversely affected nymph was sacrificed 35 days after removal from 
the heat and although every section was examined, no normal mycetocytes were 
found. But a few bacteroids persisted in occasional mycetocytes. 

One pair of cockroaches from this experiment produced offspring. About 
half of the eggs in the egg capsule did not develop, and of the formed embryos, 
only two hatched. The mycetocytes in one of these nymphs were not fully de- 
veloped while those in the second were drastically retarded, containing only a 
few bacteroids. 

Compared to nymphs, recently emerged adults were less resistant to 37° C. 
Two-thirds of the adults died in 10 days in contrast to 17-22 days for nymphs. 
The life span of the surviving adults was cut to less than one-third of the normal 
expectancy. The males were discarded as their sexual organs were badly damaged 
and normal males were mated to the treated females. Each female laid one 
abortive egg capsule before she died except for one individual which laid two 
capsules, nymphs hatching from the second capsule. 

These experiments determined that 1) heat destroys some bacteroids; 2) 


heat treatment of nymphs delays subsequent growth; 3) heat treatment of adults 


retards reproduction; and 4) even though roaches which had been treated as 
nymphs seemingly recovered, certain adverse effects were passed on to the next 
generation. But definite conclusions as to the function of the bacteroids could 
not be drawn from these experiments because 1) it was impossible to distinguish 
the deleterious effects of the heat per se on both growth and reproduction from 
the lack of bacteroids; 2) it was impossible under the conditions of the experi- 
ments to completely eliminate the bacteroids without killing the cockroaches; and 
3) the residual bacteroids in surviving insects evidently multiplied and approached 
a normal population. 


2. Effects of feeding drugs and antibiotics 


The crystalline drugs or antibiotics were ground with a mortar and pestle and 
thoroughly mixed with the pulverized dog biscuit. The cockroaches did not seem 
to object to the taste and consumed a normal amount of food. The levels of the 
doses were selected so as to be of the order of magnitude of the human daily dose 
with the difference that these doses were consumed throughout the insect’s life. 
The levels were calculated on the basis of the known food consumption during the 
300 + days of a cockroach’s life. A second level of doses was then mixed by 
arbitrarily adding 2 or 5 times the first amounts. The entire series of supplemented 


diets was as follows: 


1) dog biscuit control 

dog biscuit + 0.1% aureomycin 

dog biscuit + 0.2% chloromycetin 

dog biscuit + 1.0% sodium sulfathiazole 
dog biscuit + 1.0% succinyl sulfathiazole 
dog biscuit + 0.5% aureomycin 

dog biscuit + 1.0% chloromycetin 

dog biscuit + 2.0% sodium sulfathiazole 
dog biscuit + 2.0% succinyl sulfathiazole 


y 


ve oO 


we 


7 
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A second series made of a semi-synthetic diet with the same amounts of anti- 
biotics was also fed, but the diet itself affected the bacteroids and those results will 
be reported in a separate paper (Brooks and Richards, 1955c). 

The first time the diets were fed, divided litters were put on the diets as ex- 
plained under Materials and Methods. Subsequently the experiment was repeated 
on a larger scale, one entire brood (usually 36 nymphs) being put on each diet and 
kept at a constant temperature of 27.5° C. The results of both experiments were 
comparable. When the roaches began to mature (at about 50-60 days), males 
and females from each diet were sectioned and stained with hematoxylin and 
erythrosin, and excised fat bodies from additional specimens from each diet were 
stained in toto with neotetrazolium chloride. The fat bodies of all roaches on the 
low levels of antibiotics appeared to have the normal number of mycetocytes, and 
the bacteroids were viable as judged by their ability to reduce tetrazolium. The 
fat bodies of the roaches on the high levels of aureomycin and sodium sulfathiazole 
had a reduced number of mycetocytes and the bacteroids in some of the remaining 
mycetocytes were no longer able to reduce tetrazolium. In fact, at the age of ninety 
days, other insects on these latter two diets were examined and no bacteroids 
could be found, either viable or otherwise. The ovaries of some of the females 
showed signs of deterioration. But all of the roaches on these diets were dead 
in six months (normal life span is about six months for males and one year for 
females). The fat bodies of the roaches on chloromycetin and succinyl! sulfé thiazole 
at either level were normal. 

Aureomycin at both levels, sodium sulfathiazole at both levels, and succinyl 
sulfathiazole at the high level delayed the maturation of the cockroaches. These 
substances also caused a delay in the appearance of the first egg capsules, but more 
significantly, each female usually formed and aborted several egg capsules before 
one succeeded in hatching. The abortive egg capsules shriveled and dropped off 
after a few days, while German roaches normally carry their egg capsules for the 
period of incubation which is 21 to 28 days. No progeny were produced at all 
on the high level sodium sulfathiazole. 

The growth of the roaches on the 2.0% sodium sulfathiazole was so slow 
that the first adults did not appear until two or two-and-a-half times the period 
required by the controls. 

Although mortality on all of the high levels was considerable—25—50% after 


three or four months—the life spans on the low levels were not drastically shortened. 
The ages at death of one group (both sexes) on the dog biscuit control were 
between 224 and 396 days, while one group on 0.1% aureomycin lived for 187 
to 348 days. The other experimentals lived to ages intermediate between those of 
the controls and the aureomycin-fed group. All of the early deaths on aureomycin 
were those of males. While the life span of normal males is between five and 
seven months, aureomycin-feeding shortened the life of males by as much as two 


months. 

In short, administering antibiotics did not eliminate the bacteroids from the fat 
body of the cockroaches unless the dose was so high that it was accompanied by 
excessive mortality. However, the effect on the progeny of the treated roaches 
was quite another matter. 

It was immediately obvious that there was something wrong with the offspring 





SYMBIOSIS IN COCKROACHES 31 


of the aureomycin-reared parents. These nymphs were slightly smaller than 
normal, they were light gray in color instead of dark blackish-brown, and the 
embryonic cuticle, which is shed at the time of hatching, was not completely cast 
off but remained crumpled and attached to the anal cerci. The nymphs were weak 
and feeble. Some of them died immediately, and others lay on their backs for 
several days waving their antennae; but most of them were strong enough to 
withstand carbon dioxide anesthesia and careful handling. They were removed 
from the parental cages and fed pulverized dog biscuit. Most interesting was the 
nearly complete inability of these nymphs to grow on the stock diet. Control 
German nymphs on dog biscuit at room temperature molt every ten days, reaching 
the adult molt at approximately the age of sixty days. The individuals of this 
generation following aureomycin diet had not molted once by the end of thirty 
days, although exclusive of the deaths immediately following hatching, mortality 
was not much higher than among normal roaches and the nymphs ate and were 
lively. 

Stained sections of representative samples of the nymphs revealed that they 
completely lacked bacteroids. In other words, we finally had aposymbiotic cock- 
roaches! Usually no more than 24 nymphs hatched in each brood, whereas 
between 36 to 44 nymphs usually hatch from normal egg capsules. From every 
brood, 6 nymphs were taken at random and fixed for histological study while the 
remainder were used for growth studies. Complete sets of serial sections of the 
entire insects were carefully examined. No bacteroids were found. The fat body 
looked exactly like that of normal insects in areas in between mycetocytes except 
that in the aposymbiotic nymphs there were regions of anomalous tissue which 
later proved to be the “empty mycetocytes.” 

The appearance of the aposymbiotic fat body is shown in the photomicrograph, 
Figure 4, which may be compared with Figure 1, a photomicrograph of a cross- 
section of a normal nymph containing bacteroid-filled mycetocytes. Figure 7 
shows one of the clusters of empty mycetocytes near an ovary of a young nymph. 
Figure 8 shows another cluster of empty mycetocytes in a more posterior abdominal 
segment. 

Chloromycetin-produced offspring were normal in both histology and growth. 
A different type of response was elicited, however, by feeding either of the sulfa 
drugs. Offspring of parents on these diets were of three kinds: 1) normal in 
both histology and growth; 2) aposymbiotic; or 3) delayed in embryonic develop- 
ment. All three kinds of nymphs occurred in any one egg capsule. There were 
some bacteroids in the delayed nymphs, but the bacteroids were not enough to fill 
all of the mycetocytes. Consequently there were a few normally-filled mycetocytes, 
a few completely empty ones, and numerous partially-filled ones (Fig. 9). As a 


result of this inadequate complement of bacteroids, such delayed nymphs grew very 
poorly at first, but after a variable length of time (about a month), they began to 
grow and they matured at the age of approximately ninety days. If such delayed 
specimens were examined histologically after normal rate of growth had started, 


they looked normal. The mycetocytes apparently had become filled and dis- 
tributed throughout the fat body. 

The question logically arises: By what mechanism do the antibiotics break the 
chain in the hereditary transmission of the symbiotes to the next generation? 
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Ficure 7. Part of a cross-section of a similar nymph as in Figure 4. A cluster of empty 
mycetocytes (indicated by arrows) is near the ovary. The nuclei of the mycetocytes are 
prominent but the cytoplasm is almost negligible in amount. The oocytes are in the lower 
right side of the photograph. Prepared as in Figure 1. 

Figure 8. Part of a cross-section of an aposymbiotic nymph showing a cluster of empty 
mycetocytes in the abdomen posterior to the ovaries. Prepared as in Figure 1. 

Figure 9. Part of a cross-section through a 12-day old semi-aposymbiotic nymph, t.c¢., one 
whose mycetocytes have an inadequate complement of bacteroids and are therefore delayed in 
development. The mycetocytes have not yet separated as they should normally have done 
during embryonic development. The ovary is on the right. Prepared as in Figure 1. 


The break could be visualized by examining entire ovaries excised from young 
adult females reared on the various diets. The ovaries were stained with neo- 
tetrazolium chloride in such a manner that only the bacteroids were colored, all 
other tissue remaining colorless (Brooks and Richards, unpublished data). 

Before elaborating on these results, it must be emphasized that the normal 
method of transmission is via the eggs to the embryo, and that the penetration of 
the ovaries by the bacteroids occurs at an early age. Figure 5 is a photomicro- 
graph of a section of an ovary of a 3-week old nymph, in which some bacteroids 
have already left the mycetocytes and are now inside of the tunica propria. Such 


a preparation as this can be obtained equally well from roaches feeding on aureo- 


mycin. The antibiotic does not prevent the original infection of the ovaries. 

3ut the tetrazolium-stained ovaries of mature insects show that the effect of 
the aureomycin takes place in the oldest egg of each series in the ovarioles. In 
an ovary of a normal female, the rose-violet color of the stained eggs is restricted 
to the periphery and is due to the reduced dye in the layer of bacteroids. The 
youngest oOcytes are stained intensely. The mature egg in each ovariole is lighter 
in color because the rapid enlargement of the ripening egg stretches thin the layer 
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of bacteroids. In an ovary of an aureomycin-reared female, some of the youngest 
ovules are colored, but the color lessens in the progressively older eggs until the 
oldest ones are completely white. 

All of the examined females that had been reared on dog biscuit had at least 
some bacteroids in some of the immature ovules regardless of the antibiotic. On 
all diets that resulted in nymphs with bacteroids there were also stained bac- 
teroids in the ripe eggs. Those cases which produced normal nymphs had ripe 
eggs deeply stained, while those cases which produced delayed mycetocytes had 
only a few bacteroids, probably less than 1% of the normal number, in the ripe 
eggs; so that grossly the eggs looked light pink or white instead of rose-violet. 
Those cases which produced nymphs without any bacteroids had very few bac 
teroids in the immature ovules and none in the ripe eggs. In most of these insects 
there were viable bacteroids in the fat-body mycetocytes. This leaves the oldest 
egg, which is rapidly growing, as the first site of complete destruction of the 
bacteroids. 

The aureomycin effect is obtained only by feeding the antibiotic incessantly. 
This was determined by feeding one group (A) of cockroaches aureomycin (0.1% ) 
until they matured, at which time they were transferred to control diet. Con- 
versely, another group (B) was fed control diet until they matured, when they 
were transferred to aureomycin. In this way, the females of group A were eating 
normal diet while their eggs matured. The first nymphs of this group had either 
no bacteroids or at most only three or four per mycetocyte. During the first nine 
weeks following removal to normal diet, the successive hatches of nymphs had 
more and more bacteroids until finally the mycetocytes were normal. The first 
offspring of group B, which were eating aureomycin while the eggs matured, showed 
unmistakable signs of malformation of the mycetocytes; and the effect became 
more pronounced until by thirteen weeks the nymphs were completely aposymbiotic. 
Thus aureomycin began to affect the eggs within one week but the transmission 
was not completely blocked until after about three months. 

The growth of the nymphs resulting from both groups A and B was directly 
proportional to the amount of normal mycetocytes in their fat bodies. That is, 
nymphs that grew well were found to have numerous mycetocytes; those which 
remained stationary lacked mycetocytes; while an intermediate series, which grew 
poorly, eventually possessed a few gigantic mycetocytes. The giant mycetocytes 
seemed to be the result of unchecked growth of the few mycetocytes which had 
each received only three or four bacteroids from the egg (Brooks and Richards, 
1955a). The various subnormal mycetocytes in these nymphs also became at- 
tached to the ovaries 

\s mentioned earlier, aureomycin shortens the life span of males; but it also, 
in some unknown way. affects the ability of the males to fertilize the eggs. When 
both sexes were reared on the antibiotic, there was a high percentage of inviable 
eggs. If aureomycin-reared females were mated to normal males, most of the 
eggs hatched. In fact, the analysis was carried one step further by mating normal 
females to aureomycin-reared males, which resulted in almost as many inviable 
eggs as from treatment of both sexes. 

Seemingly the effect on the males is not one of behavior, as they were observed 
copulating. It is more likely a direct effect of the symbiotes on the sperm. In 














34 MARION A. BROOKS AND A. GLENN RICHARDS 


normal males, mycetocytes are found close to or attached to the testes (Fig. 6), 
although bacteroids have never been seen in the testes and there is no evidence 
for transmission of bacteroids via the sperm. In aposymbiotic males, the empty 
mycetocytes also migrate to the testes as they do to the ovaries. The lack of 
bacteroids impairs the reproductive capacity of the aposymbiotic generation males 
to about the same extent that aureomycin does in the first generation. More will 
be said of this below. 


3. Growth of aposymbiotic nymphs on crude natural diets 


Reference has frequently been made to the fact that aposymbiotic nymphs, 
which themselves have not been fed drugs, are incapable of normal growth on the 
same crude diet, consisting of well-balanced natural foods, which supports growth 
of symbiotic cockroaches. An effort was made to replace the function of the 
bacteroids by feeding them to the nymphs. To this end, pieces of fat body (with 
bacteroids) freshly excised from normal nymphs were mixed with ground dog 
biscuit, a little sugar, and water to make a paste. This was renewed twice 
weekly. Similarly dried brewers yeast and alcohol-insoluble liver fraction (Nu- 
tritional Biochemicals Company) were also made into pastes and fed. The 


S 


nymphs eating the yeast grew slowly and eventually all matured between the age 


T 
fraction grew even more slowly, the first one maturing only at the age of 189 days 
The fat body did not enhance growth at all. The nymphs on this diet, as well as 
on the unsupplemented diet, were still immature at 266 days and weighed only be- 
tween 4 and 7 milligrams. (The adult weights of German roaches are fifty mulli- 
grams for males and a hundred milligrams for females. There is no sex-correlated 
difference until the last instar.) 


of 140-154 days, compared to 60 days for normal nymphs. Those eating the live 


The cuticle of the slowly growing aposymbiotic nymphs was tan rather than 
the normal black and brown. 

Although eating bacteroids did not improve growth, eating the excreta (ac- 
cidentally or otherwise) of normal cockroaches did have a slight beneficial effect. 
Nymphs put in cages with normal nymphs, with normal adults, or even in cages 
without other insects but which had been soiled by them, all grew significantly 
better than nymphs isolated in clean cages. Moreover, the ones in the empty but 
soiled cages grew best of all. One individual has been kept as a curiosity with 
adults and is now over a vear old and about half grown. Evidently the accessory 
growth factor is present only in the excreta and the improved growth in the 
presence of other insects is not a trophallaxis. 

\ few of the nymphs that were fed fat body or excreta were sectioned and 
stained. It was found that they had not become reinfected with bacteroids. (For 
the results of implanting tissue, see Brooks and Richards, 1955b). 

Since feeding fat body was ineffective, mixing the diets as pastes was un- 
necessary and in the next trial the diets were fed as dry powders. The supplements 
were dried brewers yeast, dried alcohol-insoluble liver fraction, dried egg yolk 
(spray process, Fletcher-Eichman Company), and uncooked wheat germ (break- 
fast cereal, ground with mortar and pestle). A fifth diet was made of equal parts 
of each of the other four so that the final percentage of any one of the supplements 
was one-fourth as much as when it was the only supplement. Figure 10 shows 
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Ficure 10. Growth of normal and aposymbiotic German cockroach nymphs. The insects 
were reared at approximately 25° C. The controls were normal nymphs fed unsupplemented 
dog biscut. They had all reached maturity by the age of 57 days. The aposymbiotic nymphs 
were fed dog biscuit with supplements as follows (except F): A, 50% dried brewers yeast; B, 
30% fresh wheat germ; C, equal parts A, B, D and F: D, 15% dried egg yolk; E, 10% dried 
alcohol-insoluble liver fraction; F, unsupplemented. 71 he numerals after the key letters indicate 
the number of nymphs at the start of the experiment : the number alive when the experiment 
was terminated : the number which had matured. 


the growth curves obtained. The numbers following each label represent the 
number of insects at start : number of insects at finish : number of insects maturing 
to adults. It can be seen that again a diet of 50% brewers yeast enabled the 
nymphs to mature in about two or three times the period required by normal 
nymphs. This seems to be an inordinately high amount of yeast, but in several 
preliminary trials, percentages of 25, 12.5, 10, and 5 were less effective in that 
order. 

In order to dispel any doubts that it is the lack of bacteroids instead of a 
carrying-over of toxic effects of the antibiotics which prevents growth, we kept 
individual records on the performance of one litter from sulfa-fed parents. Six of 
the nymphs were killed immediately after hatching and they established the ex- 
pected pattern of part symbiotic, part aposymbiotic nymphs. Twenty remaining 
nymphs were equally and randomly distributed to diets consisting of dog biscuit 
control, and yeast, liver, and fat-body supplements. It turned out that there was 
at least one insect with bacteroids on each diet, and each of these insects grew well 
and matured. The roaches without bacteroids grew poorly and failed to mature 
on the control and fat body-supplemented diets. The roaches without bacteroids 
grew slowly and eventually matured on the yeast- and liver-supplemented diets. 
These were not guesses: the insects were weighed individually and each one finally 
sectioned and stained. Since the nymphs were litter-mates, any toxic effect of 
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the drug fed to the mother should be expected to have affected them all alike. 
On the contrary, the lack of growth was directly correlated with the lack of 


bacteroids. 


!. Reproduction of aposymbiotic roaches 


Crosses were made between the three possible combinations of normal and 
aposymbiotic roaches after they had matured on the high yeast diet. The ab- 
sence of the bacteroids did not result in early dissolution of the ovaries nor in 
complete suppression of the capacity for reproduction. However, there was a 
definite inhibition of reproduction, and this was true of males as well as of females 
Continued feeding of yeast to the adults did not improve reproduction over that 
on an unsupplemented diet. 

The method of testing these crosses was as follows: each aposymbiotic female 
was paired with a normal male; and each aposymbiotic male was mated to three 
recently emerged virgin females. A record was kept of the number of egg 
capsules produced in each cage. 

Egg capsules produced by normal cockroaches almost invariably hatch if they 
are fertilized and if they are not damaged. However, 7 aposymbiotic females 
mated to normal males produced a total of 11 abortive egg capsules before nymphs 
hatched from 2 capsules. These and all subsequent offspring were without 
bacteroids. The 18 normal females mated to 6 aposymbiotic males produced 10 
abortive egg capsules before nymphs hatched from 6 capsules. At the age of 20 
days these nymphs molted to second instar, which is a normal rate of growth. 
When sectioned, they were seen to have normal mycetocytes. 

Several litters hatching in the cages in which both parents were aposymbioti 
constituted the second generation of cockroaches without bacteroids. Their his 
tology and behavior were the same as those of the first generation. These have 
now been continued to the third aposymbiotic generation with the same properties 
being maintained. 

DIscUSSION 


The endosymbiotic relationship of cockroaches and bacteroids is certainly of 
great antiquity. The recent discovery of a similar symbiosis in Mastoteries, a 


Koch, 1938). 
There are several theories prevalent as to how endosymbiosis arose. Koch 
(1949) found that the mycetocytes form in the embryo of the German cockroach 


in anticipation of the reception of the bacteroids. The cells lie at the edges of 
y 


the segmented fat body adjacent to the mid-gut and after their infection they sink 
deeply into the fat body. That the mycetocytes persist as specialized cells even in 
the absence of the bacteroids was established in the experiments reported in this 
paper. Possibly the mycetocytes originated phylogenetically as specialized cells 
within the intestinal epithelium, where they become infected with bacteroids con- 
taminating the food. Their evolution would then have been toward removal 
trom the epithelium and complete submersion in the fat body. This position would 
have necessitated the intervention of ovarian infection to insure transmission. 
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The restriction of the bacteroids to the mycetocytes may be the result of host 
immunization, as Glaser (1920) suggested, but the end result is the protection 
of the bacteroids. The relative imperviousness of the fat body to many influences 
such as extremes of osmotic pressure, temperature, food, and antibiotics un- 
doubtedly protects the bacteroids within the mycetocytes. The bacteroids are 
peculiarly susceptible to destruction when they leave the mycetocytes. While 
the developing ovum they can be killed by heat or antibiotics, and also in the 
developing ovum they either perish or fail to reproduce themselves if the host is 
consuming an incomplete diet (Brooks and Richards, 1955c). Furthermore, the 
bacteroids failed to establish aeieiinn when they were injected as a suspension 
into the hemocoel (Brooks and Richards, 1955b). 

Cockroaches deprived of bacteroids by breaking the chain of hereditary trans- 
mission by any of the methods mentioned above cannot live normally on a crude 
natural diet that is adequate for symbiotic roaches. There is a high percentage of 
mortality in the newly-hatched nymphs and growth is extremely slow in the 
survivors. While it is true that cockroaches are omnivorous, their food supply is 

eager at best and frequently unbalanced. If the diet of the aposymbiotic nymphs 
is fortified with highly nutritious foods, growth proceeds but at a slower rate than 
normal. Reproduction of adult aposymbiotic roaches, both males and females, is 
also deleteriously affected, most of the egg capsules, particularly the first several, 
being non-viable. The total result of depriving the insects of their symbiotes is 
thus one of delay in both growth and reproduction. 

Since the bacteroids can be partially compensated for by a vitamin-rich diet 
perhaps the function of the bacteroids is the production of a vitamin(s). But since 
the amount of vitamin-containing food that is required is out of all proportion to 
known vitamin requirements, it seems that the factor(s) needed is either 1) 
unknown and present in low concentration, or 2) not used per se but serves as a 
precursor of a second factor(s), such as a co-enzyme, the synthesis of which is aided 
by the bacteroids. The bacteroids themselves do not constitute a store of the 


required substance, because eating bacteroid-containing fat body did not result in 
re-infection of the aposymbiotic nymphs and did not permit normal growth. 
Heat, aureomycin, and sulfa drugs were not equally effective in preventing 
transmission of the bacteroids to the next generation of roaches. The sulfa drugs 
were unreliable as they produced variable results. Aureomycin was completely 
effective and the results could always be duplicated. Heat treatments were not 
only less effective in preventing transmission, but the high temperature itself was 


fatal to a majority of the roaches, special equipment was needed for maintaining 
constant temperature and humidity, and there were difficulties in keeping drinking 
water available for the insects. In spite of these objections against using heat 
and sulfa, the results were worth the effort because they gave independent verifica- 
tion of the results from aureomycin. Regardless of which method was used, 
aposymbiotic offspring had the following characteristics in common: lack of growth 
on normal diet, slow growth with brewers yeast added to the diet, light colored 
cuticle, and poor reproduction. 

First generation roaches suffering destruction of most of their bacteroids by 
either heat or a high level of sodium sulfathiazole stopped growing, but when veast 
was added they resumed growth. 
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We have no suggestions to offer as to the processes by which the high tem- 
perature (37° C.) destroyed the bacteroids, but it seems appropriate to mention at 
this time that there are numerous reports in the literature on the inability to culture 
bacteroids at the standard incubator temperature of 37° C 

The specific effect of low level aureomycin on the bacteroids in the eggs as 
against those in the fat body is provocative. There may be a more rapid rate of 
metabolism in the enlarging eggs so that the antibiotic turn-over is stepped up, 
thus effectively increasing the dose acting on the bacteroids. This turn-over may 
be thought of as mitigated by either the egg protoplasm or by the bacteroids. On 
the other hand, instead of a quantitative difference between eggs and fat body, 
there might be a qualitative difference between the metabolism of the two tissues. 
This probably could occur if the chemical structure of the antibiotic resembles that 
of certain precursors needed for building egg protoplasm. And finally, there is the 
possibility that the bacteroids in the ripening eggs are simply prevented from re- 
producing themselves rather than killed outright. 

There is no obvious reason why the various antibiotics should have acted as 
differently as they did. According to Merck’s Index (1952), aureomycin is active 
against certain Gram-negative and Gram-positive bacteria, rickettsiae, protozoa, and 
viruses. Chloromycetin is active against all the preceding organisms except the 
protozoa, while sodium sulfathiazole is active against many bacteria. The effect of 
succinyl sulfathiazole is surprising inasmuch as this drug is commonly thought not 
to be absorbed and therefore effective only against enteric bacteria. 

Theoretically, one may object to admitting that the evidence presented in this 
paper proves that the bacteroids are necessary for normal growth. The objection 
states that the bacteroids may be accumulated products of growth, and since the 
nymphs cannot grow as a result of the drugs given their parents, the bacteroids 
are not accumulated. However, stained sections of aposymbiotic roaches which 
did grow to maturity on yeast-diet contained no bacteroids. If the bacteroids are 
products of growth, they should have been accumulated in these insects. 

The whole problem of the relationship of the bacteroids to the testes needs 
to be thoroughly investigated. The anatomical association of the mycetocytes 
with the testes and the impaired fecundity of both aureomycin-fed and aposymbiotic 
males all indicate that the bacteroids are of more significance to the male than 
has hitherto been suspected. 

The function of the bacteroids as related to reproduction seems to be the 
supplying of a factor which, in the absence of the bacteroids, is not necessarily 
absent but available only in small amounts. The presence or absence of the 
bacteroids does not have an all-or-none effect on either reproduction or growth. 








We wish to thank Dr. Jerre L. Noland for numerous valuable suggestions, 


and especially for pointing out the advantages of the German cockroach for the 


particular experiments needed. 


SUMMARY 
1. The trans-ovarial inheritance of fat-body intracellular symbiotes in the 
German cockroach was prevented by subjecting the parent insects to high tempera- 
ture or by feeding the parents aureomycin or sulfathiazole. 
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2. The most certain and simple method of obtaining aposymbiotic nymphs is by 
feeding the parents ground dog biscuit plus 0.1% aureomycin all of their lives. 

3. Aposymbiotic nymphs are practically incapable of growth on a natural diet 
which is adequate for symbiotic nymphs. 

4. The addition of large amounts of dried brewers yeast to the diet enabled 
the aposymbiotic nymphs to grow to maturity in two to three times the period 
required by normal nymphs. 

5. Adult aposymbiotic cockroaches suffered impaired reproductive ability. The 
males were affected as well as the females. 

6. The second and third generations of aposymbiotic roaches are similar to 
the first in both histology and behavior. 
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STUDIES ON THE ACROSOME. IV. THE ACROSOME REACTION 
IN SOME BIVALVE SPERMATOZOA * 


JEAN C. DAN AND SEIJI K. WADA 


Visaki Marine Biological Station, Misaki, Kanagawa-ken, 


\n earlier study (Dan, 1952) has demonstrated that the spermatozoa of 
several sea urchin species respond to certain stimuli by a characteristic reaction 
of the acrosome, in which the membrane covering its anteriormost part appears to 
break down, exposing the underlying substance. Part of this exposed material 
disperses almost immediately, leaving a short filamentous structure which remains 


essentially unchanged thereafter. This reaction is induced by egg-water of the 


same species, by alkaline sea water (pH 9.2) and by contact of the spermatozoa 
| | \ 


with such surfaces as glass and collodion. 

In starfish spermatozoa, an acrosome reaction of a rather different sort takes 
place (Dan, 1954). The nearly spherical heads of these spermatozoa are flattened 
anteriorly, and the acrosome is imbedded in the nuclear region. If the spermatozoa 
are suspended in a 0.5% solution of crystallized egg albumin in sea water (as 
adjuvant), and then mixed with egg-water of the same species, a very long (ca 
25 «) straight filament is extruded from the center of the acrosome surface and 
simultaneously certain changes take place in the interrelations of the head, middle 
piece and tail. The diameter of this filament is somewhat less than that of th 
axial filament of the tail, and it possesses considerable rigidity. Like the much 
shorter filaments of sea urchin sperm, these structures are relatively durable in 
sea water 

It has been found that the spermatozoa of several representative bivalve species 
undergo a similar reaction. These animals were chosen as objects for the study 
of the acrosome reaction because in many species of this class fertilization takes 
place externally and can be accomplished experimentally. Some of the species 
available in the vicinity of Misaki have been observed in their respective breeding 
seasons ; the sampling includes representatives from three of the five orders, and 
eight families. 

These animals generally have spermatozoa in which it is easy to identify the 
icrosome with the high power of the phase contrast microscope, and to differenti- 
ite it from the other components of the sperm head. In some of the species ex 
amined in this study, the stimulus of contact, alone or in the presence of egg-water. 
causes the disappearance of the original structure, and there appears in its place 
a filament of about the same diameter as that of the starfish filament. In_ th 
other species, the same sort of reaction was observed to have taken place in (super 
numerary ) spermatozoa in the vicinity of the egg surface at fertilization. 


‘This research was supported in part by a grant-in-aid from the Japanese Ministry of 


Education (Minkan Kenkyu Hi). 
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This complete disappearance of the acrosome in Mytilus edulis was reported by 
Kupelwieser in 1909 and by Meves in 1915. Both workers found that the sperm 
head just inside the cytoplasm of eggs immediately after fertilization lacked any 


sign of the “perforatorium.’” Meves comments (p. 53) : “Merkwurdig ist, dass das 


Perforatorium nicht nur bei den vollig aufgenommenen Kopfen, sondern auch 
schon bei den noch im Eintritt begriffenen spurlos geschwunden ist; sein Substanz 
muss also sehr rasch auflosen.”’ 

This paper will deal with the morphological aspects of the acrosome reaction 


in twelve species of bivalve molluscs. 


MATERIALS AND METHODS 


Observations were made on the spermatozoa of the following Pelecypoda: 
Mytilidae 
Mytilus edulis Linné 
Lithophaga curta (Lischke ) 
Spondylidae 
Spondylus cruentus Lischke 
Ostreidae 
Crassostrea (= Ostrea) echinata (Quoy et Gaimard) 
Crassostrea (= Ostrea) nippona (Seki) 
Crassostrea (= Ostrea) gigas (Thunberg ) 
Trapeziidae 
Trapesium sublaevigatum (Lamarck ) 
Chamidae 
Chama retroversa Lischke 
Petricolidae 
Petricola japonica Dunker 
Mactridae 
Mactra veneriformis Reeve 
Mactra sulcataria Reeve 
Pholadidae 
Zirfaea subconstricta (Yokoyama ) 


In this survey, attention was directed to those species in which artificial 
fertilization was known to be possible, and in every case, the utmost effort was 
made to induce spawning, because it was early found that the reacting capacity of 
spawned spermatozoa is generally much greater than that of sperm taken from 
excised testes. Methods for inducing spawning of bivalve molluscs have been 
reported by various workers; they include exposure of the animals to sperm- or 
egg-charged sea water (Galtsoff, 1938, 1940; Wada, 1954), electrical stimulation 
(Iwata, 1949), raising of water temperature (Wada, 1936; Galtsoff, 1938, 1940). 
Variations and combinations of these methods were often found effective ; in some 
of the species reactive spermatozoa were obtained by simple excision of the testes, 
or by excision following some kind of stimulation. 

The animals were used as soon after collection as possible, and were always 
kept in running water in the laboratory. When increased temperature was used 
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to induce spawning, the incoming sea water was run through a glass coil im- 
mersed in a vessel of water heated by an electric heating unit; the temperature 
of the water surrounding the animals was regulated to 25-28° C. by adjusting 
the rate of flow. 

Sperm- and egg-suspensions for inducing spawning were prepared by adding 
the gametes from an opened male or female to a suitable volume of sea water. 
These suspensions were added to the sea water containing the animals, some- 
times alternately, and often following an extended period of warming. In some 
cases animals were induced to spawn by the second or third such stimulus, after 
having been continuously at the high temperature for several hours. 

Electrical stimulation was used particularly in the case of Mytilus, following 
the method of Iwata. The shells of the mollusc are held apart by a wooden 
wedge about 5 mm. thick, and a small roll of absorbent cotton moistened with sea 
water is partially inserted into the space between the shells near the narrow end, 
so that it comes into contact with the tissues. The animal is then supported 
over a vessel filled wih sea water so that the wide end is immersed in the sea 


water. A variable resistance is interposed in the ordinary (50 cycle) alternating 
current and adjusted so that about 20 volts passes through the completed circuit. 


One Ag-AgCl electrode is dipped into the sea water, while the other is brought into 
contact with the cotton wad for 15 seconds. The wedge is then removed and the 
stimulated animals placed in sea water in separate containers until they spawn. 

Egg-water for inducing the acrosome reaction was prepared by the method 
used for echinoderms. Unfertilized eggs are suspended in a small volume of sea 
water and left standing, usually for 30 minutes or more. The supernatant of this 
suspension is filtered before use. 

As in the case of starfish spermatozoa, the acrosome filaments of bivalve sperm 
are not satisfactorily preserved in mass suspensions by formalin fixation. With 
this method, even with very dilute formalin, the material of the filament, when it 
can be detected at all, is in the form of a rounded mass on the anterior part of the 
sperm head. It is possible, however, to obtain a rather unsatisfactory fixation with 
formalin of filaments which are stuck on a glass, collodion or formvar surface. 
With osmic vapor, the filaments are well preserved, but the sperm heads are 
distorted by swelling, and often break down entirely on subsequent washing and 
drying. 

The most satisfactory observations were made by placing a small amount of 
living sperm suspension on a coverglass which was inverted on a slide and ob- 
served with the phase contrast immersion objective, using anisol (C,H,-O-CH,— 
refractive index = 1.515) as the immersion fluid. (Since this substance has a low 
viscosity, its use instead of cedar oil obviates the necessity for fixing the cover- 
glass in place.) The spermatozoa which have reacted on contact with the cover- 
glass become attached to its under surface, where they are most successfully ob- 
served. Unfortunately, at this magnification (ca. 1000 x) the focal depth is so 
shallow that it will not include both the filament on the underside of the coverglass 
and the outline of the sperm head about 1.5 » below it. For this reason photog- 
raphy was not practicable, and records had to be made in the form of camera 
lucida drawings or free-hand sketches. 
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RESULTS 


The spermatozoa of all these species resemble each other more or less closely 
in such fundamental characteristics as the shape of the nuclear part of the head, 
and the fact that the middle piece takes the form of four or five small spheroidal 
bodies arranged in a ring around the insertion of the flagellum. The acrosomes 
are very different in size, but always appear as cones affixed to the anterior part 
of the nucleus. In some cases the cones are so low that it is barely possible to 
establish their existence, but in the species with conspicuous acrosomes there is 
clearly visible an axial differentiation, which might represent either a tubular 
passage through the center of the acrosomal cone or a fibrillar structure. 

When the acrosome is large enough so that its substance can be distinguished 
from the surrounding membrane, it appears (with phase contrast, dark contrast) 
to be filled with a rather strongly refringent hyaline material. In the largest 
acrosomes (e.g., that of Mytilus edulis) it is possible to see a clearly differentiated 
basal part which has considerable structural rigidity, and there is evidence that 
such a structure is also present in small acrosomes. In 1% OsQ,-sea water, this 
structure and the spheres making up the middle piece are not blackened after 
30 minutes’ fixation. 

In all the twelve species examined, the reaction of the spermatozoa to egg- 
water, or to contact with an egg or other surface such as glass or collodion, results 
in a complete disappearance of the original acrosome. In its place there appears a 
slender, rigid filament, extending directly forward from the center of the area 
previously covered by the acrosome. It is difficult to estimate the diameter of 
these filaments, since it is at the limit of resolution of the optical system when they 
are observed in the living state with the light microscope, while measurements of 
electron micrographs involve several serious sources of error, such as possible 
shrinkage on fixation, and undoubted distortion (flattening and shrinkage) during 
mounting and desiccation in preparation for observation in vacuo. Both in the 
living state and in electron micrographs the acrosome filament appears to be of 
approximately the same diameter as the axial filament of the sperm tail. 

In the course of these observations it became evident that the reacted (super- 
numerary) spermatozoa which are seen around an egg after fertilization do not, 
as was first assumed, represent individuals which have responded to the stimulus 
of substances from the egg at a little distance from it and have been prevented, 
by some monospermy-insuring mechanism, from penetrating its surface. There 
is evidence that the spermatozoa in these molluscan species react only after they 
have established contact with the vitelline membrane, the acrosome filaments of all 
the reacting spermatozoa first extending into the egg cytoplasm, and later all but 
the fertilizing spermatozoan being expelled. Since this process apparently in- 
volves a shortening of the acrosome filament, the true filament length of these 
supernumerary sperm may be considerably greater than that observable by the 
methods hitherto used. This question will be discussed in a later paper. 

[t is a common characteristic of all the observed species that reacted spermatozoa 
show a reduction in activity, together with a “loosening” of the head structure, 
similar to that which occurs in the starfish sperm. This is most clearly observed 
in a changed appearance of the spherules making up the middle piece. In the 
spermatozoan before reaction, these are usually much compressed so that it is often 
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Figures 1-29. Sketches of some bivalve spermatozoa, showing morphological changes 


resulting from the acrosome reaction 


Figure 1, Mytilus edulis spermatozoan in sea water. 

Ficure 2. Mytilus sperm after reaction induced by egg-water. 
Figure 3. Mytilus, partial reaction. 

Ficure 4. Petricola japonica spermatozoan before reaction 
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difficult to determine their number, and their outline is often more or less con- 
tinuous with the curve of the sperm head. After the reaction, on the other hand, 
they are more conspicuous as separate spheres, as though a tight enveloping mem- 
brane had been relaxed (cf. Figs. 1 and 2, 4 and 5, ete.). There is also a tendency, 
in elongated spermatozoa, for the anterior part of the nucleus, after the breakdown 
of the acrosome, to lose the truncated cone shape and become more nearly spherical 
(Figs. 7 and 8, 17 and 18). 

In the following section, the methods used for obtaining gametes and the char- 
acteristics of the spermatozoa and their acrosome reaction are reported for each 
species. The approximate breeding season at Misaki is indicated in parenthesis. 


Vytilus edulis (Autumn and winter ) 


Spawning was induced by electrical stimulation. During most of the breeding 
season these animals begin to shed eggs or sperm about 40 minutes after being 
stimulated at 13—-15° C., and within 30 minutes at 18—-20° C. Shedding males 
were usually removed to dry Syracuse watch glasses, so that the sperm could be 
obtained with a minimum of dilution. 

The large Mytilus spermatozoan has a strikingly prominent, pointed acrosome 
(Figs. 1, 30), which is 3.5 to 4.5 » in length, somewhat more than the combined 
length of the nucleus and middle piece. Through the center of this extended cone 
there is a clearly visible axial structure, and at its base, a differentiated region 
which appears in living spermatozoa as a thick ring forming the base of the 
acrosome. 

These spermatozoa undergo the acrosome reaction in a relatively high per- 
centage if spawned spermatozoa are mixed with egg-water. In this reaction ( Figs. 
2, 31), the whole acrosome breaks down, and in its place there is extruded a very 
slender filament about three times the length of the original acrosome. When the 
fertilization process is observed with phase contrast high power, such a filament 
can be seen, extending between the heads of supernumerary spermatozoa and the 
egg surface. The fertilizing spermatozoan is always closely against the vitelline 
membrane by the time it can be brought into focus. 

It has so far not been possible to observe the acrosome in the actual process of 
breaking down under the stimulus of egg-water, because of the intense activity of 
the spermatozoa. However, when they are suspended in 0.05% merthiolate-sea 
water, the spermatozoa are immobilized at once, and the breakdown of the acrosome 
follows, but not immediately or simultaneously, so that it is possible to observe 
the process under these conditions. The acrosome breaks down progressively from 


igure 5. Reacted Petricola spermatozoan as found in vicinity of egg immediately after 
fertilization (supernumerary sperm). 

Figure 6. Partial reaction in Petricola sperm. 

‘1GURE 7. Mactra sulcataria spermatozoan. 

“1GURE 8. \/. sulcataria supernumerary spermatozoan. 

“IGURE Mactra veneriformis spermatozoan. 

‘1GURE 10. A/. veneriformis spermatozoan after acrosome reaction induced by egg-water. 

“IGURE . Spondylus cruentus spermatozoan. 

“IGURE . Spondylus sperm reacted in egg-water (side view). 

*IGURE 13. Reacted Spondylus spermatozoan as found affixed to under side of coverglass 
by adhesive anterior surface. 
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14. Zirfaea subconstricta spermatozoan. 


15. Supernumerary Zirfaea sperm in side view. 

16. Supernumerary Zirfaea sperm stuck to coverglass by adhesive anterior surface. 
17. Lithophaga curta spermatozoan. 

18. Reacted Lithophaga sperm. 

19. Partial reaction of Lithophaga spermatozoan. 

20. Chama retroversa spermatozoan. 
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the tip, within a fraction of a second, leaving no trace of the original structure ex- 
cept a small remnant at the base. The filament in these cases is shorter and 
stouter than normal. There is no evidence that the effect of merthiolate is iden- 
tical with that of substances from the egg—this observation is offered simply as 
the only presently available information as to the manner in which the process of 


acrosome breakdown may proceed. 

Some further inferences can be tentatively drawn from observation of sperma- 
tozoa which have undergone what has been provisionally called “partial reaction” 
(Fig. 3, cf., Figs. 6, 19). In such spermatozoa, either because of their sub-normal 
condition or as the result of a sub-optimal stimulus, the reaction has apparently 
stopped with the breakdown of the distal part of the acrosome, leaving a basal collar- 
like structure. Such spermatozoa always show a filament which is about the 
length of the original acrosome. 


Lithophaga curta (Late spring) 


Males spawned on the third addition of egg-suspension to animals in warm 
(28° C.) running sea water. The spermatozoa thus discharged were intensely 
active, and their acrosomes reacted on contact with the coverglass (Figs. 17, 18). 

In this species there were many cases of “partial breakdown,” in which some 
material, presumably the covering of the acrosome, remained attached to the 
anterior part of the head; and a poorly defined pointed rod, corresponding to the 
axial structure of the intact acrosome, could be seen still in its original position 


(Fig. 19). 


Spondylus cruenta (Summer) 


Active spermatozoa were obtained by extirpation of the testes, and these readily 
underwent the acrosome reaction on addition of egg-water prepared by removing 
the supernatant from a 5% suspension of eggs after 10 minutes (Figs. 11, 12). 
Reacted sperm showed a strong tendency to adhere to the coverglass by the an- 
terior surface of the head, with the acrosome filament bent perpendicular to its 
normal position (Fig. 13). This behavior, which indicates that the breakdown 
of the acrosome leaves the sperm head surface locally sticky, is also found in the 
spermatozoa of the oysters and Zirfaea. In Spondylus the sperm head is slightly 
asymmetrical bilaterally, and the figure presented by the adhering spermatozoan 
is correspondingly somewhat off-center. 


Figure 21. Supernumerary Chama spermatozoan. 

Figure 22. Reacted Chama spermatozoan, acrosome covering incompletely broken down. 

Figure 23. Trapesium sublaevigatum spermatozoan. 

Figure 24. Reacted Trapezium sperm. 

Figure 25. Trapesium spermatozoan in which acrosome has broken down but no filament 
is apparent. 

Figure 26. Spermatozoan of Crassostrea echinata, C. nippona, C. gigas. 

Figure 27. Spermatozoan of C. echinata or C. gigas, reacted on contact with glass 
surface in presence of egg-water (side view). 

Ficure 28. Reacted sperm of C. nippona, from side. 

Ficure 29. Anterior view of reacted C. echinata spermatozoan attached to coverglass by 


adhesive surface. 
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Ficure 30. Electron micrograph of Mytilus edulis spermatozoan fixed with formalin in 


sea water. 
Figure 31. Reacted Mytilus spermatozoan (formalin fixation). 
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Fertilization with the gametes obtained in this way was only possible when 
the pH of the sea water was increased by the addition of NH,OH to a final con- 
centration of 1.0 x 10° N. Filaments were observed connecting the supernumer- 
ary sperm with the egg surface. 


Crassostrea echinata (Summer ) 


C. nippona 


C. gigas 


Spawning was induced by adding egg-suspensions to the tanks containing ani- 


mals in warm (28° C.) running sea water. Fairly reactive gametes can also be 
obtained by simply cutting open the animals. It was found that the best method 
for obtaining a dense suspension of maximally reactive sperm is to cut open a 
male which has begun to spawn in response to the warming-plus-egg-water 
stimulus. 

The spermatozoa of these three species are indistinguishable both before and 
after the acrosome reaction, except that the filaments in C. nippona are longer than 
those of the other two species. The intact acrosome is a small, low cone, which is 
affixed to the anterior part of the nearly spherical head (Figs. 26, 32). Under 
the center of the acrosome there extends radially inward a gray-appearing (with 
dark phase-contrast) structure or region not sharply differentiated from the sur- 
rounding nuclear material; this is even more clearly visible after the acrosome has 
reacted, and the acrosome filament seems to extend directly from its center 
(Fig. 27). 

In these species the shape change accompanying the acrosome reaction tends 
to flatten the anterior surface of the sperm head, which becomes extremely adhesive 
as the result of the acrosome breakdown (see also Spondylus), and sticks to the 
glass by this surface (Fig. 29). 

Intermediate stages in the acrosome reaction indicate that the extrusion of the 
filament occurs simultaneously with the breakdown of the original acrosome surface. 
It is probable that Figure 33 represents a case in which the normal process was 
stopped by fixation. 

In order to obtain a high percentage of reacted acrosomes, the spermatozoa of 
these species must be brought into contact with an egg, or with some other surface 
in the presence of egg-water. It makes no difference whether the eggs are un- 
fertilized, fertilized or even cleaved, and if the suspension is stirred sufficiently, the 
presence of a few eggs will induce reaction of the acrosomes in most individuals 
of a relatively dense sperm suspension. 


Trapesium sublaevigatum (Late summer) 


Gametes were obtained by cutting open the animals. The spermatozoa were 
intensely active in sea water suspension, but the eggs were very fragile and easily 
broken in handling. 

In the vicinity of the eggs, the spermatozoan acrosomes broke down, and 
many sperm were observed attached to the vitelline membranes by filaments about 
3 mw in length (Figs. 23, 24). In other cases the acrosomes were gone but no 
filaments: were in evidence (Fig. 25). Such spermatozoa were often attached 
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Figure 32. Spermatozoan of Crassostrea gigas in sea water. Formalin fixation has 
somewhat distorted shape of acrosome. 

Ficure 33. C. gigas spermatozoan, reacted in response to contact with collodion membrane 
in presence of egg-water, showing incomplete breakdown of acrosome covering. 
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obliquely to the coverglass by the anterior part of the head. In these sperm, also, 
the breakdown of the acrosome apparently leaves the underlying surface sticky, 
although not as markedly so as in the oysters. 


Chama retroversa (Summer ) 


Sperm and eggs were obtained from opened animals. The spermatozoa showed 
vigorous activity on suspension in sea water, and fertilization took place readily 
in normal sea water. In this species also, the fertilizing spermatozoan was already 
close against the vitelline membrane at the earliest observation, but supernumerary 
sperm were found in the jelly layer with extruded filaments (Fig. 21). As sug- 
gested above, the length of the acrosome filament in such cases is doubtful. 

The blunt acrosome in this species (Fig. 20) consists of an axial, differentiated 
structure surrounded by refringent substance. Not infrequently individuals are 
found in which the covering membrane of the acrosome has apparently failed to 
break down completely (Fig. 22). 


Petricola japonica (Late spring and early summer) 


These animals were induced to spawn by exposure to warm running sea 
water. Spermatozoa removed from opened animals were quiescent on being 
suspended in sea water, but became intensely active after a short time. These 
spermatozoa have a relatively long (ca. 1.7 »), sharply pointed acrosome (Fig. 4) 
with a well-defined axial structure. In some cases the acrosome may break down, 
leaving a filament which is just the length of the original acrosome, and some 
other material which persists around the base of this filament (Fig. 6). In the 
complete reaction, as seen in supernumerary spermatozoa (Fig. 5), the acrosome 
breaks down entirely. 


Mactra veneriformis (Late spring and early autumn) 


Reactive gametes were secured by opening the animals. The eggs remain 
fertilizable for several hours if they are left in the body fluid of the clams, but the 
germinal vesicle breaks down when the eggs are introduced into sea water, and 
the eggs can then no longer be fertilized. Practically 100% fertilization was ob- 
tained with this species in 80% sea water. 

The spermatozoa have small acrosomes in which an axial differentiation is just 
visible (Fig. 9). The heads of completely reacted spermatozoa are smoothly 
rounded, with no trace of the acrosome except the filament (Fig. 10), although 
partially reacted sperm are frequently encountered. On supernumerary sperm the 
filament is always very short (1 to 1.5 »), but in a few cases filaments of between 
3 and 3.5 » were produced on reaction with strong egg-water. 


M. sulcataria (Spring to early autumn) 


Spawning was induced by warming to 25° C. Reactive gametes were also 
obtained by cutting open the animals. 

The spermatozoa of this species are similar in their proportions to those of 
M. veneriformis, but larger (Fig. 7). The acrosomal differentiation into the same 
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three components as those of the W/ytilus spermatozoan is clearly observable; the 
basal structure includes the greater part of the refringent acrosome substance, but 
a smaller amount lies separate from and distal to this. 
The acrosome reaction was observed in supernumerary sperm only. These 
showed a short filament and the sperm head smoothly rounded anteriorly, as in M. 
veneriformis under the same conditions (Fig. 8). 


Zirfaea subconstricta (Late spring ) 


These animals spawned in response to the combined warming (25° C.) and 


egg-suspension treatment. On insemination, nearly all the spermatozoa in the 


vicinity of an egg are found to have undergone the acrosome reaction (Figs. 14, 
15), some remaining attached to the vitelline membrane by the relatively short 
(ca. 2 ») acrosome filament, and others adhering to the coverglass by the distal 


part of the head (Fig. 16), indicating that the breakdown of the acrosome leaves 
the surface under it sticky (as in Spondylus and Crassostrea). 


Dis¢ USSION 


In the first study of this series, the term “acrosome breakdown” was used 
tentatively, even hesitantly, to describe a phenomenon which takes place in sea 
urchin spermatozoa on such a small scale that vital observation is virtually im- 
possible. No structure is visible in the intact acrosome, the reaction itself cannot 
be observed in the intensely active spermatozoa, and all judgments concerning 
the steps in the process must be based on successively fixed preparations. These 
clearly show that some of the acrosome substance is lost from the anteriormost tip 
of the sperm head, leaving a slender filament, less than one micron in length. 
Whether this filament is projected beyond the original length of the acrosome, or 
is simply exposed by the dispersal of the surrounding substance, could not be 
determined. The fate of the acrosome membrane is also rather uncertain. Ap- 
parently the anterior part at least undergoes some sort of autolysis which stops 
before it quite reaches the base of the acrosome. 

So far as the morphology of the structures involved in the acrosome reaction 
is concerned, the bivalve molluscs provide much more favorable material for 
study, since in some species (e.g., Mytilus edulis) the acrosome alone is longer 
than the combined head and middle piece of sea urchin spermatozoa, and consider- 
able internal differentiation is easily visible in the living cells. In this group, 
moreover, exposure to the proper stimulus definitely results in a complete break- 
down and dispersal of the acrosome, while the filament is clearly projected well 
beyond its original dimensions. 

Among the species examined, the general structure of the head and acrosome is 
much the same throughout the group, although there is a considerable size range. 
Since the reaction process occurs similarly in all the species, it seems safe to gen- 
eralize on the basis of observations made on the larger forms. 

The differentiation of the acrosome into three regions has been described as it 
appears in the living Mytilus spermatozoan; this differentiation can be followed in 
the descending size scale through Petricola and Spondylus to Mactra. In four 
other genera—Lithophaga, Chama, Zirfaca and Crassostrea—only two regions can 
be seen, consisting of an axial structure passing through the hyaline acrosome 
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substance; and in the very small acrosome of Trapesium no clear differentiation 
can be observed. 

Evidence which will be reported separately indicates that in Mytilus, the break- 
down of the acrosome releases a substance which has a strongly lytic effect on the 
egg membrane. Since both the basal and distal parts of the acrosome break down 
together, it is impossible to localize the lysin in either of them on the basis of 
cases in which the reaction has occurred normally. However, the observation 
reported above of “partial reaction,” in which the intact basal structure is as- 
sociated with failure of filament extrusion, suggests that the mechanism which 
ejects the filament is located in this basal portion, and consequently, that the 
lysin is contained in the distal part of the acrosome. 

“Partial reaction” in the spermatozoa of other species (e.g., Petricola and 
Lithophaga) is also characterized by the persistence of an axial structure which is 
not longer than the intact acrosome, and is greater in diameter than the normally 
extruded filament. On the basis of these various observations, it is suggested that 
the axial structure consists of a tubular sheath, possibly enclosing some part or 
precursor of the filament. 

In support of the conjecture that the basal part of the acrosome has the function 
of ejecting the filament, it would be gratifying to find that the length of the filament 
was correlated with the size of this basal structure in the other genera studied. 
This, however, is not the case. The acrosome of Spondylus is much smaller than 
that of Mytilus (cf. Figs. 1 and 11), but the Spondylus filament, measuring 15 p 
on an average, is longer than the Mytilus filament. Crassostrea, also, has a still 
smaller acrosome but a relatively long filament. Such lack of correlation between 
the size of the basal part of the acrosome and the length of the filament does not 
preclude the possibility that this structure is concerned with the extrusion of the 
acrosome filament in bivalve molluscs, but it does emphasize the necessity for 
further investigation. Some other method besides phase contrast microscopic 
observation must also be used to determine whether the apparent absence of dif- 
ferentiation of the acrosome substance in the second group (Lithophaga, etc.) indi- 
cates a marked reduction in the amount of lysin, as compared with the first group, 
or a much smaller filament-ejecting apparatus. 

This survey of the acrosome reaction in the bivalves, then, complements the 
echinoderm studies by confirming the generality of occurrence of both the acrosome 
filament and the substance believed to be the egg-membrane lysin, and by provid- 
ing, within the limits of the common phenomenon, a scale of cases ranging from 
those in which the filament is more conspicuous to those in which the lysin seems 
more important. Until, however, this substance can be shown to be effective in 
dissolving the egg-membrane in a number of species, an inquiry into the possible 
reasons for its presence in larger or smaller amounts is premature. 

Moreover, until more is known about the role of the acrosome filament in the 
fertilization process, it is difficult to identify the factors which determine its length. 
There does not seem to be a simple taxonomic relation involved, since long and 
short filaments are found in closely related genera (e.g., Mytilus and Lithophaga). 
The idea that the filament serves to establish contact with the egg surface across 


*This may well be due to a failure of phase contrast resolution, since the acrosome is 
less than 0.5 « in inside diameter, and its substance is highly refractive. 
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a jelly layer which is impenetrable to the intact spermatozoan was suggested in the 
case of the starfish, but is entirely inapplicable to molluscan species having jellyless 
eggs, such as the oysters. Moreover, in other species, the intact spermatozoan 
has no difficulty in penetrating the jelly layer when one is present. 

Undoubtedly the structural and chemical nature of the outermost layer of the 
unfertilized egg in each species is a most important factor in determining the char- 
acteristics of the acrosome which is charged with the task of breaching that par- 
ticular barrier. Electron micrographs of the unfertilized Arbacia egg (McCulloch, 
1952) show it to have an extremely thin vitelline membrane, which would be ex- 
pected to yield quickly to the action of a small amount of a specific lysin. The 
oyster egg, on the other hand, is surrounded by a relatively thick, though apparently 
not tough, layer, to the outside of which the fertilizing spermatozoan remains so 
closely fixed as to seem fused with it for from two to four minutes, before slowly 
sinking through it into the egg. 

In conclusion, it should be pointed out that this survey was undertaken primarily 
with the aim of extending the generality of the acrosome reaction, and makes no 
pretense of adequately sampling the Pelecypoda in a systematic sense. A few 
species were found in which the spermatozoa could not be caused to exhibit 
any reaction of the acrosome similar to that reported here, but in every case the 
basic morphology of such spermatozoa differs considerably from the fundamental 
plan characteristic of these twelve species. The spermatozoa of V’enerupis semt- 
decussata, for example, has a cone-shaped head like that of sea urchin sperm, with 
a long, slightly curved, sword-like process, greater in diameter than the sperm tail, 
in the position of the acrosome. There is some evidence that a filament contained 


within this process is exposed at the time of fertilization. The sperm head of 
Cardita leana, on the other hand, is extremely slender throughout its length, with 
a very small, sharply pointed acrosome in which no reaction of any sort has yet 


been detected. 

There is every possibility that further work with these and other species will 
bring to light variations in the general pattern of acrosome structure in this mol- 
luscan group. Such studies must be correlated with an investigation of the finer 
structure of the surface layers in the unfertilized eggs before extensive generaliza- 
tions can be made concerning the mechanism of sperm entrance in these forms. 


The writers acknowledge their indebtedness and express their gratitude to the 
staff of the Misaki Marine Biological Station, and to the Tokyo Institute of Tech- 
nology, for the use of the electron microse« ype. 


SUMMARY 


1. In twelve species of bivalve molluscs, it has been found that the spermatozoa 
undergo a reaction of the acrosome similar to that found among echinoderms. In 
all the species the spermatozoa react thus to the presence of unfertilized eggs; 
in some species egg-water and contact with glass surfaces are effective. 

2. This reaction is characterized by the complete disappearance of the acrosome 
and the extrusion of a slender filament, the length of which varies considerably 
among the members of the group. 
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3. In the large Mytilus acrosome, three differentiated regions can be dis- 
tinguished, consisting of a basal structure which seems to be concerned with the 
extrusion of the filament; a distal region containing what is believed to be an egg- 
membrane lysin; and an axial structure which appears to be a tubular sheath, 
possibly surrounding a precursor of the filament. The same regions can be seen 
in the spermatozoa of Petricola, Spondylus and Mactra. In the smaller acrosomes 
of Lithophaga, Chama, Zirfaea and Crassostrea, only two regions can be dis- 
tinguished, and the acrosome of Trapezium is too small to show any clear dif- 
ferentiation. 
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FREEZING IN INTERTIDAL ANIMALS! 


J. W. KANWISHER 
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 


low temperature is frequently the chief environmental stress which eliminates 
a species in a given location. Marine life is generally exposed to a minimum of 


1.7° C., the freezing point of sea water. In the intertidal zone a much lower 
extreme must be met. On a high latitude shore in winter one finds an abundance 
of invertebrates exposed twice daily to a period of — 20° C. or lower. At these 
temperatures ice formation in the animals might be expected. This has been found 
to be the case and is the subject of this paper. 

The observations on freezing in surviving macroscopic animals are scattered and 
frequently indefinite. The literature is reviewed by Luyet and Gehenio (1940) 
and more recently by Scholander et al. (1953). In spite of the large number of 
references only a few experiments are found in which quantitative ice measure- 
ments were made on surviving animals. Sacharov (1930) showed that as much 
as a third of the body water could be changed to ice in some insect larvae. More 
remarkable is the better than 90‘, frozen body water that Scholander measured in 
chironomid larvae. It seems likely that this large fraction of ice is present in the 
qualitative experiments reviewed by Luyet and Gehenio. These include the sur- 
vival at liquid air temperatures of nematodes, rotifers, and tardigrades. Such 
forms would be expected to have a high water content. 

In the Woods Hole region in winter the shore supports large numbers of 
mussels, snails, oysters, and barnacles. Many of these are high up on the shore 
where they are exposed to the air for six hours or more at low tide. They are 
frequently in completely exposed locations, where it seems they could not escape 
any adverse effects of the cold. The sea spray freezes on them and they may be 
imbedded in ice for days or even weeks at a time. 

The rate of cooling of an animal can be estimated from the known values of 
heat conductivity in tissue and shell. This was done assuming that the animal is 
subjected to a sudden drop of 20°. Such is the case when it emerges from the 
water on the receding tide on a cold day. With even the larger mussels the 
temperature at the center will be within a degree of the air temperature after an 
hour’s exposure. 

To check these estimates the temperature of the interior of several molluscs 
was measured without moving the animals. For this purpose a small hole was 
drilled through the shell with the animal still in its natural location. A thermistor 
probe one mm. in diameter was inserted through this hole and could easily be 
pushed deep into the tissues. 

Several such measurements were made on a day when the air temperature was 
— 15° C. The animals had been exposed for at least two hours by the receding 


1 Contribution No. 778 from the Woods Hole Oceanographic Institution. 
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tide. Specimens of Crassostrea virginicus, Mytilus edulis, and Modiolus modiolus 
showed without exception interior temperatures within a few tenths of a degree of 
the air temperature. There seems no reason to doubt that the smaller snails and 
barnacles are in the same condition. 

Ice could also be felt with the thermistor probe. These animals were alive 
and appeared normal when brought into the laboratory. From this it appeared 
reasonable that internal ice formation can take place without being fatal to the 
animal. It was next undertaken to determine the amount of ice formed at various 
temperatures. 


METHOD 


Water, on crystallizing to ice, gives off heat and also expands. These two 
properties have been separately employed in determining the amount of ice in 
biological material. The dilatometer as used by Gortner (1937) and others 
measures the expansion directly. The flotation method of Scholander et al. (1953) 
determines the specific gravity change which results from this expansion. Both of 
these techniques require that the animal be free of gas bubbles. This seemed im- 
possible to determine in an animal living in a shell, so it was necessary to use 
a calorimetric method. 

When a frozen animal is introduced into the calorimeter a certain number of 
calories of heat are absorbed to raise its temperature to some value above 0°. Part 
of this represents the heat of fusion of any ice which may have been present in 
the animal. The rest is the result of the heat capacity of the animal and its shell. 
The specific heats of these components are uncertain so it is impossible to calculate 
the latter value. However, in this work it is measured directly by finding the 
calories necessary to warm the animal through a temperature range in which there 
is no ice formation. 

An ordinary wide-mouth Thermos bottle proved to be an efficient calorimeter 
vessel. A mercury thermometer through the stopper was read to .01° with a lens. 
By varying the amount of water in the calorimeter different sized animals could 
be studied efficiently. The freezer compartment of a home refrigerator was used 
to cool the animals. By adding additional insulation the temperature variation 
during the cycling of the refrigerator thermostat was less than 0.25° C. To mini- 
mize heat loss the animal was transferred to the calorimeter at the door of the 
refrigerator with cold tongs. 

The calorimeter was calibrated by dropping weighed amounts of ice into it. 
Small cups were pressed from aluminum foil. These were filled with fresh water 
and frozen to a known temperature. The amount of heat absorbed in warming 
one from a temperature T, below 0° C. to a temperature T, above 0 is equal to: 


C = M,.(T, X .49 + T2) + Me X 79.6 + Mar X .21(T, + T2) 
where: C = gram calories 
M,. = mass of water 
Ma: = mass of aluminum cup 
49 = average specific heat of ice 
.21 = specific heat of aluminum. 
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The heat capacity of the calorimeter is then computed from 


c ih 
heat capacity = 7 calories degree 


where T is the temperature drop in the calorimeter vessel resulting from the intro- 
duction of the ice. 

If the heat capacity of a specimen were constant with temperature a number of 
calories equal to (J, +7,) times its heat capacity would be required to warm it. 
All calories in excess of this could then be attributed to the change of state from 
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Ficure 1. Graph showing ice formation in the mussel Modiolus modiolus. The shaded 
portion represents the calories used in the melting of ice. All points are from a single in- 
dividual. The heat capacity of the animal changes as more ice is formed, resulting in the 
correction shown. 


ice to water. This is not strictly true since the specific heat of ice is half that of 
water. As more ice is formed the heat capacity of the animal is correspondingly 
lowered. This results in the correction shown in Figure 1. The rigorous equation 
of Ditman et al. (1942) is difficult to apply and in actual practice some of the terms 
are very small. The graphical method used here is believed to have an accuracy 
commensurate with the experimental technique. 

Ice determinations were made on animals frozen normally on the shore. They 
were placed directly in the calorimeter with a heavily gloved hand. Values ob- 
tained were essentially the same as for the animals frozen in the laboratory. 

The bivalves were wedged open and all excess sea water forcibly shaken from 
them. They closed normally when the wedge was removed. They were then 
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wrapped with a layer of self-vulcanizing rubber tape which provided a water-tight 
cover with a minimum of insulation. This cover allowed the animal to be removed 
from the calorimeter and refrozen at a different temperature without varying the 
amount of water in the shell. 

In order to work with a single individual of the smaller species, such as 
Littorina, a method of micro calorimetry was worked out. The calorimeter vessel 
consisted of a round bulb on the end of a long thin-walled glass tube. Loose cotton 
insulation was packed around this. Such an arrangement was found to have a de- 
sirably small temperature drift. In a small calorimeter vessel the ratio of surface 
to volume becomes unfavorably large. It can be shown that most of the heat leak- 
age is by way of conduction through the wall forming the opening to the chamber. 
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Ficure 2. Graph showing the percentage of water as ice. The calories of the shaded 
portion of Figure 1 were converted to grams of ice and expressed as the percentage of the 
total water in the animal. 


To reduce this the thinnest glass tube possible was used. The methods employed 
on larger systems, such as silvering and operating in a vacuum, do not appreciably 
improve a small calorimeter. The volume of the bulb varied from 10 to 25 cc. 
depending on the size of the specimen. The temperature was measured with a 
thermistor suspended in the water. The same method of calibrating with a 
weighted amount of ice was used. 


RESULTS 


Figure 1 is typical of the results obtained. It is a graph of the amount of 
heat necessary to warm the animal up to 20° C. after it has been equilibrated for 
several hours at some lower temperature. Since the specific heats of tissue, shell, 
etc. are not appreciably altered by temperature one might expect a linear relation- 
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ship. The amount of heat should depend only on the temperature range if the 
heat capacity of the system is unaltered. However, below 0° a larger number of 
calories than expected is absorbed. It is this additional heat that is required to 
melt the ice in the animal. Its amount can be found from the curve at different 
temperatures and converted to grams of ice. Since the total body water is found 
at the end of the run it is known what fraction of this is frozen at the various 
temperatures. Figure 2 is the result of such a calculation from the data in Figure 
1. All points on a curve such as the one in Figure 1 are measured on a single 
animal. The data were not considered if the animal was not alive and of normal 
appearance at the end of the run. 


TaBLe | 
Percentage of water frozen at —15° C. 
Species % frozen at —15 
VU ytilus edulis 62 
Modiolus modiolus 65 
Littorina littorea 59 


Crassostrea virginicus 54 
Littorina rudis 67 


Table I gives the fractions of body water as ice at — 15° C. in the different 
species examined. Individual measurements were made on Modiolus and L. 
littorea at — 22° C., the lower limit of the refrigeration equipment. The frac- 
tions of body water frozen at this temperature were 71% and 76%, respectively. 
The animals survived several days exposure to this temperature. Lifttorina rudis 
was studied at Hebron in Labrador while on an expedition sponsored by the Arctic 


Institute of North America 


Disc USSION 


Bachmetjew (1899), Salt (1950), and others have claimed super cooling of 
animals as great as — 15 to — 20° C. However, they expressed the strong belief 
that freezing was fatal and seemed to reason inversely that when the animal was 
dead it was therefore frozen. Ditman ef al.'s (1942) calorimetric work represents 
one of the few quantitative ice studies. It was necessary for them to use a number 
of insects simultaneously in the calorimeter. They reasoned that the appearance of 
more and more ice at lower temperatures was due to variability in the super 
cooling of the individuals. Their curves indicate 70% frozen body water for cod- 
dling moth larvae at — 18°. This seems at variance with their conclusions of 
super cooling. This is not supplemented with measured lethal low temperatures 
although in a later paper Ditman shows complete survival of this species at this 
temperature. 

The values in Table I show large amounts of ice at — 15° in all the forms that 
could stand freezing. The shape of the ice-temperature curve for the other species 
was the same as that in Figure 2. Some of the forms could stand a period at 
— 5° without ice formation. In no case, though, was this observed at — 7° or 
lower. Values of ice in the region of super cooling were obtained by cooling 
the animal to a lower temperature to start ice formation and then warming the 
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animal. Super cooling of shore animals in nature only appears to occur down 
to —7° as a maximum. 

As much as 75% of the water in the animals can be tied up as ice. It is 
interesting to speculate on the severity of the physiological stress represented by 
this sudden dehydration. 

With the living processes in the protoplasm deprived of this water one might 
expect a slowing down of the metabolic rate. Lichens have been shown to respire 
at a rate related to their moisture content (Smyth, 1934; Neubauer, 1938). 
Scholander et a/. (1953) have shown a precipitous drop in oxygen consumption 
concurrent with ice formation in a chironomid larva. This resulted in an ap- 
parent Q,, as high as 50 in this low temperature range. 

In an animal that is 75% frozen the remaining brine concentration is 4 times 
the normal value. Actually some of the salts will probably have begun to pre- 
cipitate out at this temperature and concentration. One might suspect many dire 
consequences at such a high salinity. Lovelock (1953) has published results 
which indicate that the high electrolyte concentration is the destructive factor in 
the freezing of red blood cells. The dehydration and high salinity appear to be 
factors the intertidal species can tolerate, at least at these low temperatures. 

Ice is thought not to occur inside cells without damage (Chambers and Hale, 
1932; Asahina et al., 1954). It seems reasonable that such a finely organized 
structure as protoplasm could not stand the physical disruptions of intracellular 
ice. Apparently the cells are able to allow for a rapid exit of water and to stand 
the distortion of intercellular ice crystals. Meryman (1953) has shown this 
situation in slowly frozen rabbit liver. In the thawed tissue the water has migrated 
back into the cells and the appearance is once again normal. Siminovitch and 
Briggs (1952) have related frost hardiness in plants with an increased ability of 
the water to diffuse in and out of the cells. Asahina and collaborators have ob- 
served both extra- and intracellular freezing in insects. The latter was always 
fatal to the cells involved. Proof of such a situation in the frozen shore life can 
only come from histological examination. 

The ice determinations here are reproducible within a range of + 5%. Weighed 
amounts of ice could be measured with a 2% error. However, the large amounts 
of shell and wrapping hinder thermal equilibrium and require many calories for 
their warming. This forms a background above which ice determinations in such 
animals must be made. 

In Figure 3 the freezing curve for a mussel is reproduced with one for sea 
water. This latter was obtained by treating a capsule of sea water in the same 
manner as the animals, 7.¢., it was cooled to different temperatures and warmed in 
the calorimeter. No freezing curve for sea water could be found in the literature. 
The mussel contains significantly less ice than sea water at all temperatures. Part 
of this may be due to the lack of thermal equilibrium in the animal, particularly 
on the steep part of the curve. However, the many theories of bound water lend 
support to the idea that the disparity of these curves is real. To some extent the 
body fluids can be considered salt solutions and to this extent such a freezing curve 
would be expected. Any departure may well represent the participation of water 
in living processes other than as that of a simple solvent. Such a molecule as 
water with its high dipole moment can be held in low energy fashions unlike con- 


ventional bonding. This would compete with freezing which is itself a low 
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energy per molecule process. When the physics of water in living systems is 
more thoroughly understood a closer approximation to the actual freezing curve 
can be theorized. 

Attempts were made to freeze a large variety of molluscs, echinoderms, annelids, 
and arthropods which occur only below tide level. No animal was found to stand 
low temperatures and large internal ice formation that is not faced with these 
conditions in nature. The hardiness towards ice formation may be the principal 
reason allowing intertidal species to successfully invade the shore. Resistance to 
freezing runs parallel with the ability to withstand dehydration (Scarth, 1944; 
Siminovitch and Briggs, 1952; etc.). Both of these conditions are found in a 
situation of tidal exposure. The shore snails can be kept out of water for a period 
of weeks as can the mussels. However, all the forms frozen so far are encased in 


100 


SEA WATER ~* 


MYTILUS EDULIS 


= 
WW 
N 
oO 
ae 
w 
x 
lu 
e 
a 
> 
w 
oO 


% 


TEMP. °C 
—5 —10 —16 


Figure 3. Graph of ice determined in the same fashion for a vial of sea water and a mussel. 
Ihe difference is believed to represent unfreezable or bound water. 


a shell and it is not certain how much natural dehydration they undergo independent 
of freezing. 

Finally, some observations were made in the Arctic that are interesting. In 
this region of permafrost the only protection from freezing afforded poikilotherms 
in the winter is in the sea. Hebron Fiord in Labrador has a year round bottom 
temperature of —1.7° C. In spite of this the extensive bottom invertebrate 
fauna could not stand freezing. Here are animals that live and breed right up 
against the freezing barrier, and yet the particular adaptations of the shore life are 
absent. The only two plentiful intertidal forms were Mytilus and Littorina. 
Both of these displayed their usual resistance to freezing. Beds of Mytilus were 
noted which spend 6 to 8 months frozen solid in the ground ice at temperatures of 
— 20° C. and below! In the spring the Eskimos chip them out for food. 

[ am greatly indebted to Dr. Per Scholander for his continued interest and help- 
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ful advice during this work. My wife has also been of great assistance, particularly 
under the trying conditions of cold winter days on the shore. 


SUMMARY 


1. The temperature environment of shore life in the Woods Hole vicinity has 
been found to range as low as — 20° C. in the winter. Jn situ measurements have 
shown that no protection in the way of a micro climate is afforded most of this life. 


2. A variety of intertidal forms has been frozen in nature and in the laboratory 


and their ice content measured. In live animals as much as 75% of the body water 


has been shown to be in the form of ice at temperatures regularly met in nature. 
3. Some physiological consequences of this ice formation are considered. 
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In one of the few successful applications of tissue culture techniques to insects, 
Schmidt and Williams (1953) were able to culture the spermatogonia and sperma- 
tocytes of diapausing silkworm pupae in simple hanging-drops of the insect’s 
blood. The same technique in slightly modified form was subsequently used by 
Schneiderman, Ketchel and Williams (1953) in a study of the metabolism of 
spermatogenesis. These investigations, in brief, showed that dormant cysts of 
the male sex cells develop promptly into bundles of spermatids and spermatozoa 
when cultured in blood obtained from non-diapausing donors. Since comparable 
development failed to occur in cultures prepared in the blood of diapausing pupae, 
such blood was presumed to be deficient in a growth factor present in the blood 
during the non-diapausing stages. Indeed, it proved feasible to use the in vitro 
technique as a method of assay for this growth factor. The latter, on the basis 
of several lines of evidence, was considered to be the prothoracic gland hormone— 
the primary stimulus for cellular growth and metamorphosis within the insect as 
a whole. 

In the course of the studies just considered, it was observed that cultures pre- 
pared in individual depression slides failed to develop and, in fact, underwent 
more or less prompt degeneration unless closed off from communication with the 
outside air. Moreover, in experiments utilizing larger culture chambers, it 
proved imperative, not only to seal the chambers tightly, but also to place a 
number of cultures in each chamber. Thus, an individual culture when isolated 
in a large sealed chamber under otherwise optimal conditions underwent far less 
development than when a number of other cultures were simultaneously present 
in the same chamber. This latter practice of placing numerous cultures in each 
chamber was routinely adopted by Schneiderman, Ketchel and Williams (1953) 
as an empirical solution of the problem. However, it was clear that the phe- 
nomenon was of sufficient interest in itself to merit further study. Consequently, 
we have returned to the initial problem in an effort to define the basis for the 
interaction of cultures in the same chamber. 






























MATERIALS AND METHODS 


The experiments were performed on spermatocytal cysts obtained from dia- 
pausing pupae of the Cecropia silkworm according to the methods described by 


1 This study was aided by a grant from the U. S. Public Health Service and an Institu- 
tional Grant to Harvard University from the American Cancer Society. It is dedicated to Prof 
Alfred Kiihn of Tiibingen in honor of his seventieth birthday. 

2 Present address: Harvard University Blood Characterization and Preservation Labora 
tory, Jamaica Plain, Massachusetts. 
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Schneiderman, Ketchel and Williams (1953). Diapausing pupae served as donors 
of “inactive blood” ; “active blood” was obtained from post-diapausing individuals 
on the first day of adult development. In order to block the tyrosinase reaction, 
all samples of blood were saturated with phenylthiourea. 

Each culture chamber consisted of a brass ring (4” in inside diameter and 
0.08” in thickness) sandwiched between a pair of glass plates (5” x 5” x 0.06”) 
and sealed together with melted paraffin. The plates had previously been given a 
hydrophobic coating with silicone (“Dryfilm 9987,” General Electric Company). 
The chamber enclosed a gas volume of 17 cc. and could accommodate up to twenty 
sitting-drop cultures of approximately 20 mm.* each. In experiments utilizing gas 
mixtures, the brass ring was equipped with stainless steel inlet and outlet tubes as 
previously described. 

In all save a few special cases a minimum of two such chambers were utilized 
in each experiment; namely, a control chamber containing 16 cultures in active 
blood, and an experimental chamber containing one or more cultures prepared 
from the same blood and cyst suspension. After seven days at 25° C., 30 to 40 per 
cent of the cysts in the control cultures had ordinarily progressed to Stage III 
(spermatidal cysts) or IV (spermatozoal cysts). The experiment was terminated 
at this point and the degree of development in each chamber ascertained. For 
this purpose the number of cysts which had developed to Stages III or IV was 
recorded by counting a total of 500 cysts in a series of randomly selected low- 
power fields. Ordinarily the response in the control cultures was taken as 100 
per cent, and the response in the experimental cultures calculated as a percentage 
of that of the controls. 


INFLUENCE OF THE NUMBER OF CULTURES PER CHAMBER 


The quantitative effects of the number of cultures enclosed in each sealed 
chamber were studied in detail in two series of experiments. In the first experi- 
ment a suspension of cysts was prepared in active blood and distributed among 
five chambers so that the number of cultures per chamber ranged from 0.5 to 8. 
Seven days later, counts were made of 500 cysts in each chamber and the per- 
centage of the 500 in Stages III or IV recorded. 

The summary of results in Table I shows that chambers containing fewer than 
4 cultures supported the development of a small proportion of cysts. The 
response was enhanced in the 4-culture chamber and further enhanced in the 
8-culture chamber. 


TABLE | 
The number of cultures in each sealed chamber conditions the developmental response 


Per cent response* 


Cultures per chamber Expt. 1 Expt. 2 
16 — 45 
8 21 43 
4 14 12 
2 8 15 
1 2 13 
ly 4 = 


* Per cent of the total cysts counted which had reached Stage III (spermatidal cysts) and 
Stage IV (spermatozoal cysts) after 7 days of culture. 
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The second experiment (Table [) utilized a cyst suspension which showed 
a greater degree of response in all preparations. Minimal development was found 
in the 1, 2, and 4-culture chambers. By contrast, the 8- and 16-culture chambers 
showed a three-fold increase in the proportion of cysts attaining Stages III or IV. 

On the basis of numerous other experiments comparing the development at- 
tained in 1-culture and 16-culture chambers of the volume described above, we can 
state that the difference was never less than three-fold and commonly much greater 


than three-fold. 


ABSENCE OF STIMULATION BY NON-GROWING CULTURES 


The experiments just considered indicate that the development of the cysts 


in any one culture is promoted by the simultaneous presence of other cultures in 
the same sealed chamber. It is therefore worth inquiring whether this same in- 
fluence can be exerted by non-growing cultures prepared in inactive blood, or, 
indeed, by drops of active or inactive blood in the total absence of cysts. 

To test these possibilities, 16 cultures of a cyst suspension in active blood were 
placed in a control chamber, and one culture of the same suspension in each of four 
experimental chambers. Three of the experimental chambers then received, re- 
spectively, 15 drops of a cyst suspension in inactive blood, or 15 drops of active 
blood without cysts, or 15 drops of inactive blood without cysts. 

The results computed as per cent of the response of the control cultures are 
recorded in Figure 1. It is obvious that none of these maneuvers served to in- 
crease the low level of response of the individual test cultures. Consequently, it is 
clear that the agency by which one culture interacts with another is generated only 
by cultures capable of growth; 7.c., by cultures containing both cysts and active 
blood. 


HorMONAL REQUIREMENT 


Since the development of spermatocytes was already known to require the 
presence of the hormonal component of active blood, it seemed possible that the 
developmental factor derived from actively growing cultures might correspond 
to some volatile derivative of this same hormone. Under this circumstance a 
culture prepared in inactive blood should develop if enclosed in the same chamber 
with numerous cultures in active blood. 

\n experiment of this type was performed, one culture in inactive blood being 
placed in the same culture chamber with 16 cultures prepared in active blood. 
The results of this experiment were clear-cut and decisive: the cultures in active 
blood developed promptly, whereas no development occurred in the test culture 
in inactive blood. This finding demonstrates that the stimulating factor produced 
by developing spermatocytes cannot substitute for the hormone, and that the 
presence of the hormone is prerequisite for the response of spermatocytes to the 
stimulating factor 


EFFECTS OF CARBON DIOXIDE AND OxyGEN TENSIONS 


It will be recalled, as mentioned in the introduction, that a single culture in the 
limited volume of a depression slide develops normally provided that the hormone 
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is present and the cover-slip tightly sealed. But if the cover-slip is placed slightly 
ajar, then no development occurs and the cysts promptly die. This fact, in itself, 
directs attention to the gaseous medium within the sealed chamber and its critical 
modification by the developing culture contained therein. Evidently, in the case 
of the larger chambers utilized in the present study, a considerable number of 
cultures are required to “condition” the greatly enhanced gas volume. 

The problem at this point seemed extremely simple since a basis for condition- 
ing the gaseous medium was obviously present in the respiration of the cysts 
themselves. 
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Ficure 1. Interaction between individual cultures in the same chamber. The growth 
response of the test culture is enhanced by the presence of cultures containing spermatocytes in 
active blood, but is not enhanced if either of these components is absent 


In order to test whether the stimulating factor might correspond to a critical 
tension of carbon dioxide, two cultures of cysts in active blood were placed in one 
chamber and 16 cultures in each of two other chambers. One of the latter cham- 
bers then received, in addition, 16 drops of 0.1 M potassium hydroxide for the 
purpose of absorbing carbon dioxide. Seven days later the 2-culture control 
chamber showed the expected low percentage of development, while the 16-culture 
control chamber showed the anticipated high percentage. Of present interest and 
importance is the fact that the same high percentage of development was observed 
in the chamber containing the 16 cultures plus alkali. This experiment was re- 
peated with the same uniform result. Consequently, a critical tension of carbon 
dioxide cannot be the stimulating factor. 
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The possibility that a critically low oxygen tension was the source of stimula- 
tion was a far less attractive hypothesis, since Schneiderman, Ketchel and Wil- 
liams (1953) had already demonstrated that the in vitro development of sperma- 
tocytes was independent of oxygen tensions ranging from 1 to 21 per cent of one 
atmosphere. This finding was re-examined in the following experiment. 

A series of mixtures of oxygen and nitrogen were prepared containing 20, 15, 
10, 5, and 0.5 per cent oxygen, respectively. Two cultures of cysts in active blood 
were placed in each of five experimental chambers and 16 cultures in a sixth 
chamber that served as a control. Each experimental chamber was flushed for 
five minutes daily with one of the above-mentioned gas mixtures in order to es- 
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Figure 2. Daily ventilation with gas mixtures containing specific low oxygen tensions 


fails to enhance the developmental response of the two cultures in each of a series of five 
chambers. The experiment was performed in duplicate series. 


tablish and maintain a particular oxygen tension. Each experiment was performed 
in duplicate. 

The results recorded in Figure 2 show that the developmental response was 
independent of oxygen at tensions ranging from 5 to 20 per cent, whereas in 0.5 
per cent oxygen development was completely blocked. Consequently, the stim- 
ulating factor can scarcely correspond to a critical oxygen tension established by 
respiration. 


CONDITIONING OF THE CULTURE MEDIUM 


Though unresolved at this point, the “conditioning” of the gaseous medium is 
reminiscent of the conditioning of the culture medium which, in the case of verte- 
brate tissue cultures, is thought to precede the growth response (Parker, 1950). 
As is now generally recognized, the cells of vertebrates must first react with the 
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culture medium to establish a critical concentration of some unknown factor before 
growth becomes possible. Consequently, the establishment of a culture from 
a single vertebrate cell was successfully accomplished only after Sanford, Earle and 
Likely (1948) developed the technique of initiating such cultures in a capillary 
tube containing a minute volume of medium. In order to determine whether, in 
the case of spermatocytes, a conditioning of the culture medium precedes the con- 
ditioning of the gaseous medium, the following experiment was performed. 

A cyst suspension was prepared in active blood and distributed as two cultures 
in each of four chambers. The residual cyst suspension was then diluted with 
seven volumes of the same sample of active blood; the diluted suspension was dis- 
tributed as 16 cultures in each of four chambers. Consequently, all chambers 
contained the same total number of cysts (ca. 800), whereas the volume of culture 
medium differed by eight-fold in the two series. It was reasoned that if the same 
number of cysts developed in all chambers, then any influence of the conditioning 
of the medium could be disregarded. Alternatively, if development was enhanced 
in the more concentrated cultures, then the conditioning of the culture medium 
must be taken into account. 

The answer provided by the experiment was neither of these possibilities, but 
yet a third; namely, an average of 36 per cent of the cysts developed in the more 
dilute suspensions whereas only 10 per cent developed in the concentrated ones. 
Consequently, under the conditions of the experiment, the presence of the larger 
volume of blood per cyst resulted in the greater response. 


THE VOLATILE FACTOR 
1. Effects of ventilation 


A suspension of cysts in active blood was distributed among eight chambers, 
two cultures being placed in each of four chambers, and eight cultures in each 
of four. All eight chambers were immediately flushed for five minutes with a 
gas mixture containing 20 per cent oxygen and 80 per cent nitrogen. This same 
flushing procedure was repeated daily for two of the four chambers of each series, 
the other chambers remaining sealed as controls. 

As recorded in Figure 3, the results were clear-cut in that development in the 
ventilated cultures was greatly depressed. Indeed, development in the ventilated 
8-culture chambers was depressed virtually to the level observed in unventilated 2- 
culture chambers. 


2. Solubilities of the factor 


Eight cultures in active blood were placed in each of a series of chambers along 
with 8 to 10 drops of various solvents; namely, 0.16 M HCI, 0.16 M KOH, 0.1 M 
H,SO,, 0.32 M sucrose, light mineral oil, or inactive blood. None of these solvents 
was able to depress development when tested in this manner. Consequently, the 
experimental procedure was modified to increase the surface area of the various 
solvents. For this purpose each chamber was subdivided by a barrier consisting 
of a folded strip of filter paper, and the latter saturated with solvent. Sixteen cul- 
tures in active blood were placed on one side of the barrier and one culture on the 
other side. In this manner, any volatile agent generated on the “donor” side of 
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CONTROLS 


OF 


DEVELOPMENT AS PER CENT 


8 GULTURES| 2 CULTURES 8 CULTURES | 2 CULTURES 


VENTILATED ONLY VENTILATED DAILY 
AT OUTSET 


Che daily ventilation of the chambers with air inhibits the developmental response. 
For further explanation, see text. 


the chamber was forced to traverse the broad surface of solvent before reaching 
the recipient drop on the other side. 

The results summarized in Table II show that acid, base, sugar solution, and 
Ringer’s solution were ineffective when tested. However, mineral oil now pro- 
duced a slight but definite inhibition. Of special interest and importance is the 
fact that inactive blood, spread upon the filter paper, considerably reduced the 
development on both sides of the chamber. Indeed, the development of the re- 


rasLe I] 


ent of cysts developing in a single culture separated from fifteen other cultures 
by a barrier moistened with one of the solvents noted 


Solvent Per cent development 


Insect Ringers solution 34 
0.16 M NCI 37 
0.16 M@ KOH 34 
0.1 M H.SO, 32 
0.32 M sucrose 35 
Light mineral oil 24 
Inactive blood 0 (cysts darkened 
and swollen) 
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cipient drop was totally suppressed and the cysts therein soon became dark, swollen, 
and obviously dead. 


3. Adsorption on activated charcoal 


As diagrammed in Figure 4, 16 cultures in active blood were distributed in 
three rows on one side of each of four chambers, and on the other side was placed 
0.5 to 1 gm. of activated charcoal (““Norit A”). A fifth chamber lacking charcoal 
was used asacontrol. In the row of cultures nearest to the charcoal, development 
was completely suppressed: within twenty-four hours all the cysts in this row were 
swollen, dark, and dead. The cysts in the intermediate row of cultures appeared 
to remain viable, but only 2 per cent developed. In the row of drops furthest from 
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Figure 4. Semi-diagrammatic representation of the arrangement of cultures and charcoal 
in test chambers. 


the charcoal, the cysts remained viable and 14 per cent developed. In the control 
culture lacking charcoal, 42 per cent of the cysts developed. 

The experiment was repeated using a fresh cyst suspension and a second sample 
of Norit A from an unbroken package. The same results were obtained. 

In order to eliminate the possibility that the charcoal released some toxic 
volatile principle, control chambers were ventilated with a current of air drawn 
through a column of charcoal and then sealed. Normal development was observed 
in all cases. 

We therefore conclude that the volatile agent is adsorbed by activated charcoal. 
Evidently, in the above-mentioned experiments the adsorption was limited by the 
diffusion of the factor across the chamber to the charcoal from its site of production 
in the cultures. The most distant cultures preserved a sufficient local concen- 
tration of the agent to permit survival and a limited developmental response. In 
cultures closest to the charcoal, the concentration of factor was necessarily minimal. 
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It is of particular interest that such cultures not only failed to develop, but also 
underwent abnormal changes leading to death. 


4. Effects of charcoal on cultures in inactive blood 


The experiment described in the preceding section and diagrammed in Figure 
4 was repeated utilizing a cyst suspension in inactive blood. A similarly prepared 
chamber without charcoal served as a control. Because of the sub-threshold titer 
of hormone in the culture medium, no development was expected and none was 
observed. Special attention was centered on the microscopic appearance of the 
cysts as a criterion of their viability. After seven days, the two rows of cultures 
furthest from the charcoal remained normal in all respects and could not be dif- 
ferentiated from the controls. By contrast, the cysts in the row nearest to the 
charcoal showed slight darkening and an abnormal degree of granularity. In the 
absence of appropriate tests, we cannot state with certainty whether these cultures 
remained viable. However, there could be little doubt that their abnormal char- 
acteristics were far less prominent than previously noted for equivalent cultures in 
the presence of hormone 


DIscUSSION 


The experimental results indicate that the development of spermatocytes re- 
quires the presence, not only of hormone, but also of a further developmental factor 
which the hormone-stimulated cells generate within the culture medium. This 
factor is soluble in blood and volatile. Consequently, it distributes itself between 
the culture medium and the surrounding gas phase. The amount of factor which 
a single culture can generate is limited, but can apparently be enhanced by in- 
creasing the volume of blood medium available per cyst. This suggests that the 
cysts generate the volatile factor from a non-volatile precursor within the medium 
and that it is this precursor which is limiting. 

Though hormonally stimulated cells die in the absence of the volatile factor. 


among the population of cysts in any culture one observes a broad distribution of 
thresholds for stimulation by the factor. A single culture can equilibrate with the 
scanty gas volume of a sealed depression slide and still retain within itself a suf- 
ficient concentration of the factor to stimulate a high proportion of cysts. How- 
ever, in larger chambers having an internal volume of 17 ml., eight cultures are 


required to establish and maintain an equivalent concentration. Hence, it may be 
calculated that a single culture can equilibrate with a gas volume of about 2 ml. 
before the concentration of the factor begins to limit the response of the cysts with 
high thresholds. 

3y virtue of the circumstances just described, individual cultures are protected 
against excessive loss of the volatile factor by the presence of other cultures which 
are likewise generating the factor. Consequently. the individual cultures interact 
via the gas phase which they share. 

Though the chemical nature of the volatile factor is a matter for further in- 
vestigation, the information already at hand permits certain inferences. The 
volatility, in itself, indicates that the factor is neither a protein nor any other very 
large molecule. Moreover, its failure to react with acid or alkali is suggestive of a 
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neutral molecule. The absence of detectable solubility in aqueous solvents means 
that the factor is neither hydrophilic nor strongly polar. Its definite, though 
limited, solubility in mineral oil indicates the presence of apolar groups. Though 
insect blood contains about 85 per cent water, the properties of blood as a solvent 
are complex and poorly understood; consequently, little can be inferred from the 
high solubility of the factor in this medium. 

It is a curious fact that the present phenomenon most closely parallels the action 
of ethylene in relation to the ripening of fruit. As recently reviewed by Biale 
(1950), there is now general agreement among plant physiologists that unripe 
fruits, under the over-all stimulation of auxin, generate within themselves catalytic 
amounts of ethylene ; the latter is then essential for the biochemical events associated 
with ripening. <A single apple is said to produce a total of up to one cc. of ethylene 
gas, while experimentally one finds ethylene to be effective in concentrations as low 
as a few parts per million. 

On the distant chance that ethylene might likewise be involved in the “ripening” 
of the insect sex cells, the gas was tested in several low concentrations and found 
inactive as a substitute for the volatile factor. However, it is not unlikely that the 
techniques developed by botanists in collecting and identifying ethylene may prove 
helpful in further study of the present problem. The testes of the intact insect 
receive an intimate tracheal supply, and it is probable that the volatile factor escapes 
from the tracheal system during the period of adult development. Presumably this 
loss is steadily replaced by a transformation of the precursor present in the blood. 

Though the developmental factors in insect spermatocytes, as in the fruit of 
plants, could scarcely have been detected had they not been volatile, it is our opinion 
that volatility is a property only incidentally associated with the molecules in 
question. Of far greater interest is the demonstration that the reaction between 
cells and hormones can generate molecules which are catalytically active and pre- 
requisite for the biological end-result. 


SUMMARY 


1. The in vitro development of spermatocytes of the Cecropia silkworm is in- 
hibited when individual cultures are placed in large chambers rather than in de- 
pression slides. The inhibition is relieved by increasing the number of cultures 
in each sealed chamber—a finding which demonstrates that the individual cultures 
interact. 

2. The basis of this interaction was studied in detail. Evidence was obtained 
that the interaction occurs via the gas phase within the chamber by virtue of the 
production by the cultures of a developmental factor which is volatile. 

3. The role of this volatile factor was studied in relation to in vitro spermato- 
genesis. Its production was detected only in cultures containing spermatocytes and 
hormone. These components along with the volatile factor were then found 
necessary for the developmental response. 

4. By suitable tests it was possible to show that the volatile factor was neither 
carbon dioxide nor any other normal constituent of air. 

5. The factor is definitely soluble in insect blood, slightly soluble in mineral oil, 
and relatively insoluble in water. On the basis of present evidence, it appears to 
be a neutral, apolar molecule. 
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DIFFERENCES IN INTENSITY OF SETTING OF 
OYSTERS AND STARFISH 


V. L. LOOSANOFF, J. B. ENGLE! AND C. A. NOMEJKO 
U. S. Fish and Wildlife Service, Milford, Conn. 


The ecological association of the American oyster, Crassostrea virginica Gmelin, 
and the common starfish, Asterias forbesi Desor, is well known. The latter, in 
many areas, is the chief enemy of the former. These common representatives of 
the two phyla are not only found living under the same conditions, but also re- 
semble each other in their methods of reproduction. They are both diecious and 
oviparous, discharging eggs directly in the sea water where fertilization takes 
place. Spawning in both species occurs during the same season, although the star- 
fish usually begin approximately two weeks earlier. The lengths of the spawning 
and setting seasons of both species are of approximately the same duration, the 
latter, in Long Island Sound, extending in some years from early July until the 
first week of October (Loosanoff, 1936; Galtsoff and Loosanoff, 1939; Loosanoff, 
1937-1954). 

A comparison of the reproduction of these two species could be carried even 
further because both produce a large number of eggs from which small plankto- 
trophic larvae develop. After a relatively long pelagic period of two to three 
weeks, the larvae of both species descend to the bottom where they metamorphose 
into juvenile oysters or starfish. This step in the development of these organisms 
is usually known as setting and the recently metamorphosed individuals are called 
either starfish or oyster set. 

Regardless of the similarity of the reproductive behavior of these two inverte- 
brates, and even though their larvae develop during the same season and under the 
same general ecological conditions, such as temperature, salinity, pH, turbidity, 
currents, winds, etc., their intensity of setting in relation to each other shows a 
complete absence of any definite pattern. This conclusion is based on our observa- 
tions of reproduction in these two species in Long Island Sound during the 18- 
year period extending from 1937 through 1954. Brief summaries of these ob- 
servations, together with the analysis of the data on which we have based our 
conclusions, are presented in this article. 

The method used in our studies consisted of counting, at regular intervals, the 
numbers of oyster and starfish sets found on the collectors. These collectors were 
wire-mesh bags filled with clean oyster shells. The bags were anchored on the 
bottom and buoyed in a special manner described by Loosanoff and Engle (1940). 
The collectors, all of uniform size and shape, and containing approximately the 
same number of shells, were placed at stations situated along the Connecticut shore 
of Long Island Sound in the area extending from the Bridgeport to the New Haven 
harbors, a distance of approximately 30 miles. The stations were established at 


1 Presently of Chesapeake Shellfish Investigations, Annapolis, Maryland. 
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10-, 20-, and 30-foot depths and their number in the different years varied from 
seven to 18. Since 1944, however, the number of stations has always been ten 
and their locations have remained the same. 

At semi-weekly intervals the collectors were removed from the stations and 
brought in moist condition to the laboratory for examination. Using a low-power 
dissecting microscope the oyster set was counted on ten shells selected at random 
from each bag, and then the same ten shells, plus an additional ten shells, were 
examined for the presence of starfish set. The results were later expressed as the 


STARFISH SET 


OYSTER SET 





950 195) 952 953 1954 


Figure 1. Average numbers of oyster and starfish sets per station recorded in different years 
on 100 shell-surfaces. Long Island Sound, 1937-1954. 


number of set of each species per 100 shell-surfaces. Counting of set was done 
only on the clean inside surfaces of the shells. 

Each time a bag was removed from the water it was immediately replaced by a 
new one with unused shells. To obtain more reliable data we used, as a rule, two 
bags at each station, and averaged the results. The period during which the ob- 
servations were made usually extended from the beginning of July into October, 
covering, therefore, the entire setting season of both species. 

The intensities of the oyster and starfish sets in the different years are shown 
in Figure 1. They are averages based on the number of set found during the entire 
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summer on the inside surfaces of 100 shells at each station. As can be seen, during 
the 18-year period the oyster set was usually heavier than that of the starfish. 
The only exception was 1938 when the average seasonal starfish set per station was 
1731 per 100 shell-surfaces, as compared with 1090 for the oysters. The year of 
maximum starfish set for the entire period of our observations was also 1938, 
while the year of heaviest oyster set was 1939 when 42,623 spat per station was the 
season’s average. As the other extreme, we may mention that in 1945 only one 
recently-set starfish was found on our collectors during the entire summer, while 
the lightest oyster set occurred in 1943 when the average seasonal set was only 72 
spat per station per 100 shell-surfaces. 

To study further the discrepancies in the setting of the two species, product- 
moment correlations between the oyster and starfish sets were computed with the 
set for each year expressed as a percentage of that of the year when the highest 
setting took place. Thus, 1939 was taken as the 100 per cent year for oysters, and 
1938, for starfish. This approach gave a range for each variable of 0 to 100 
per cent. In each case, however, the distribution was badly skewed with most of 
the years falling between 0 and 10 per cent. 

To make the analysis more detailed, correlations were determined for the sta- 
tions located at each of three depths and also for the combinations of stations at 
several depths. 

All correlations obtained were very low: 


For 10-foot stations only = 06 
For 20-foot stations only r= — 05 
For 30-foot stations only 03 


r 
For 10- and 20-foot stations r= — .02 
r 


For 10-, 20-, and 30-foot stations = — 0] 

With N, number of years in this case, being 18, the product-moment correlation 
(r) must be at least .47 to be significant at the .05 level. The low correlations 
obtained indicated that there was no definite relationship between the oyster and 
starfish sets. However, since the distribution of the data was badly skewed, we 
thought that the use of the conventional product-moment correlation coefficient 
might give somewhat misleading results. To verify the conclusions we decided 
to use rank-order correlations (r,) also. For this, the yearly setting data of each 
species were assigned ranks from 1 to 18, in order of magnitude, and the cor- 
relations were then computed according to the rank correlation coefficient formula. 
The coefficients obtained were as follows: 


For 10-foot stations only  =..19 
For 20-foot stations only e. = 35 
For 30-foot stations only m= 
For 10- and 20-foot stations t 

For 10-, 20-, and 30-foot stations = 


Since the value of the rank-order correlation coefficient necessary for significance 
at the .05 level, with N = 18, is .47, all correlations obtained were not significant. 

The absence of correlation was also well illustrated by scatter plots of the 
oyster set against the starfish set. A plot showing the lack of relationship between 
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the rank-order of the set of the two species at the 10-, 20-, and 30-foot stations 
all combined in one group, is given in Figure 2. As may be seen from this plot, 
and from the low coefficients for each depth and combination of depths, almost 
complete dissociation is suggested between the variables. Therefore, we con- 
cluded that there is no appreciable relationship between the intensities of the 
starfish and oyster sets for the years and depth-stations for which data were 
available 
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Figure 2. Rank-order relationship of oyster and starfish sets at 10-, 20-, and 30-foot stations. 
Long Island Sound, 1937-1954 


These studies, conducted for almost two decades, emphasize once more the 
danger of forming conclusions regarding the relationship between certain natural 
phenomena, if such conclusions are based on relatively short periods of observa- 
tions. For example, if only the first four years of our period of observations were 
considered, a highly significant negative correlation between the intensity of the 
oyster and starfish setting would be indicated (Fig. 1). This, obviously, could 
lead to serious misconceptions. In our case, fortunately, by continuing the studies 
for many more years a much truer understanding of the situation was made 
possible. 
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The question naturally arises as to the causes responsible for the absence of a 
well-defined pattern in the intensity of setting of the two species in relation to 
each other. At present we are not prepared to discuss this question at length. 
Nevertheless, as mentioned above, we know that adult oysters and starfish live 
and propagate under the same ecological conditions, and that their larvae, which 
are present in the water during the same season, are subjected to the same general 
sets of environmental factors. We may suppose, therefore, that unfavorable con- 
ditions, such as relatively low summer temperature, strong winds, etc., would affect 
the larvae of both species more or less equally. Because oyster and starfish larvae 
are microscopic in size and both pelagic, we may also assume that most of the 
predators of one would also be feeding upon the other. 

Low salinity, conversely, might be suspected as a factor which could un- 
favorably affect starfish larvae while leaving oyster larvae relatively unaffected. 
It is known that even adult starfish cannot survive in a salinity lower than 16.0 
parts per thousand (Loosanoff, 1945), while oysters can normally live and 
reproduce in water of much lower salinity. However, in Long Island Sound 
proper, where our studies have been conducted, the salinity in summer is steadily 
near 27.0 parts per thousand, thus being within the optimum range for both 
starfish and oysters. Consequently, this ecological factor cannot be considered, 
under our conditions, as important in favoring one or the other species. 

The density of the parent populations in different years is another factor to 
consider. Our observations on these populations (systematic surveys of the oc- 
currence and distribution of starfish are made twice a year and oysters are collected 
near our stations at weekly intervals during the summer) showed that never 
during the period of our studies was the density of either population so reduced 
as to be below the minimal. In general, the starfish population of Long Island 
Sound remained large, as attested by our surveys and also by the extensive and 
continuous efforts of the oyster growers combatting these pests. The oysters, al- 
though reduced in number because of poor sets during the past seven or eight 
years, and the heavy mortality caused by the storm of 1950, are still numerous 
enough to be counted by the hundred thousand bushels. For example, we know 
that on the beds of a single oyster farming company in the Bridgeport area, there 
are now approximately 150,000 bushels of two-year-old oysters. Considering the 
unusually high fecundity of the oyster and the comparatively high fecundity of the 
starfish we believe that there are still sufficiently large parent populations of both 
species to produce enough spawn so that, under favorable conditions for survival 
and growth of larvae, heavy sets could result. This was well demonstrated for 
starfish during the summer of 1952 (Fig. 1). Since we know this and since our 
other studies, to be reported elsewhere, have shown that there is no direct relation- 
ship between the numbers of spawners available and the intensity of setting of 
oysters or starfish in Long Island Sound, we may conclude that the fluctuations in 
parent populations were not the principal causes responsible for the lack of re- 
lationship observed between the intensity of setting of the two species during our 
18-year studies. 

Although at this time we lack data to demonstrate it, an absence of relation- 
ship in the intensity of setting of oyster and starfish larvae may be due to only one 
or to a few causes of rather specific nature. For example, there is little doubt 
that the larvae of the two species may exhibit different food requirements, as far 
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as size and quality of food organisms are concerned. Thorson (1946) says that 
an advanced echinoderm larva can take in particles as large as 50 p», while our 
observations have shown that even “eyed” oyster larvae, about ready to metamor- 
phose, require food of much smaller size, probably not over 15 » in diameter. 
Moreover, since it has already been demonstrated that the larvae of even such 
closely related species as oysters and clams display widely different food require- 
ments (Loosanoff, 1950; Davis, 1953), it is clear that even those food forms 
that are small enough to be taken in by both species may not be assimilated by one 
of them. Consequently, the presence or absence of such specific food organisms 
may be primarily responsible for the survival and, therefore, intensity of setting of 
larval oysters or starfish. 

\nother possibility to be considered is what we call, for lack of a better name, 
“water factor”, which probably indicates the presence in sea water of certain 
dissolved substances that are needed for the normal existence and development of 
certain marine animals. These aspects of sea water chemistry and of animal be- 
havior are still not well understood but we have evidence indicating that under 
laboratory conditions the presence or absence of this, at present, undetermined sub- 
stance, or substances, may affect the growth of larvae of one species while not 
affecting the larvae of another closely-related form (Davis, 1953). 

Finally, only recently has the attention of biologists been called to diseases and 
parasites of lamellibranch larvae (Davis et al., 1954; Loosanoff, 1954). It is 
possible, then, that larvae of other marine invertebrates, such as starfish, may also 
be victims of attack of different pathogenic micro-organisms, and that these micro- 
organisms may affect only closely related groups. If this is true, such organisms 
may sometimes eliminate the larval population of one species without harming the 
other. Asa result, although most of the other conditions of the environment would 
be equally favorable to larvae of both forms, the larvae of the species suffering 
the epidemic would fail to set. Perhaps pathogens, together with specific food re- 
quirements of the larvae and the role of the water factor in their existence, explain 
in part the lack of relationship in the intensity of setting of oysters and starfish 
in Long Island Sound. 

Since in the history of marine biology there are only a few studies when si- 
multaneous systematic observations of the reproductive behavior of two ecologically 
closely associated species have been conducted steadily in the same area for long 
periods, we hope that the information offered in this article will contribute to a 
better understanding of the fluctuation in the natural populations of marine in- 
vertebrates existing in the same habitat. 


We wish to extend our thanks to Barbara Myers for the statistical analysis 
of the data used in this article and to Rita Riccio for helping prepare the manuscript. 


SUMMARY 


1. No consistent relationship was found between the intensities of the oyster 
and starfish sets of Long Island Sound during the 18-year period, 1937-1954. 
2. It is suggested that specific larval diseases, specific food requirements and 


presence or absence in the water of certain, at present, undetermined substances, 
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may be responsible, to a large extent, for the fluctuations in the intensity of setting 
of the two species in different years. 
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SYNERGISM AND ANTAGONISM IN THE INDUCTION OF META- 
MORPHOSIS OF BUGULA LARVAE BY NEUTRAL RED DYE’? 


WILLIAM F. LYNCH 


St. Ambrose College, Davenport, Iowa, and the Marine Biological Laboratory, 


Woods Hole, Mass. 


It is well known in the literature of biology that two agents which influence 
protoplasmic systems in the same way may cause an enhanced effect when em- 
ployed simultaneously. Synergism had been observed in previous work on Bugula 
larvae when neutral red dye was added to magnesium-free sea water. Both dye 
and magnesium-free sea water acting singly induced precocious metamorphosis, 
and their combined effects were greater than that of either acting along (Lynch, 
1952). Antagonism between two factors, also, had been encountered. As 
previously reported (Lynch, 1947), temperatures of 7-8° C. had been found to 
inhibit metamorphosis in B. neritina. Subsequent experiments on B. flabellata 
showed that the larvae of this species failed to metamorphose during a forty-eight 
hour period of observation when kept in sea water in a refrigerator at 5° C., 
whereas at room temperature (24—-27° C.) nearly all the organisms had undergone 
fixation within twenty-four hours. (In twelve observations the total percentage 
of unmetamorphosed larvae at room temperature was found to be 4%. The 
normal duration of the natatory period of larvae is discussed in another paper: 
cf. Lynch, 1952, p. 371.) In other experiments the inhibition caused by low 
temperatures persisted even when neutral red dye was added in proportions which, 
at room temperature, induced a rapid rate of setting. The four experiments to 
be discussed were performed on the larvae of B. flabellata. They were devised 
partly to test for synergism or antagonism in the induction of metamorphosis by 
neutral red in combination with four other factors, each studied separately: light, 
mechanical agitation, an anaesthetic and acidified sea water. But the observations 
were made largely to test a working hypothesis of metamorphosis suggested in a 
former paper (Lynch, 1952). The modus operandi of the dye, and especially the 
influence of anaesthetics and acidity on its action, form an integral part of the 
proposed explanation of metamorphosis, its induction and suppression by physical 
and chemical agents. 

According to this tentative hypothesis, artificially induced metamorphosis in 
bryozoan larvae seems to be essentially a response to stimulation involving changes 
in viscosity of the protoplasm of the larvae, the exact site of these changes being 
unknown. The types of agents found effective for inducing metamorphosis belong 
to the general class of stimulants. There is a growing mass of evidence, stemming 


1 This work was made possible largely because of a scholarship granted by the Marine 
Biological Laboratory. Part of the work was carried out under a grant from the National 
Science Foundation. The writer expresses his gratitude to Dr. H. B. Steinbach, Dr. L. V. 
Heilbrunn and Dr. P. S. Ryan for reading the manuscript and for making many valuable sug- 
gestions for its revision. 
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largely from the school of Heilbrunn and his co-workers, that the artificial initiation 
of cell division of an egg (without sperm) is a kind of stimulation. It seems to be 
more than merely coincidental that many agents which induce metamorphosis 
also cause artificial parthenogenesis in marine eggs. On the other hand, the 
inhibition of metamorphosis of Bugula larvae appears to be a kind of anaesthesia 
involving viscosity changes opposite to those which induce setting. This hy- 
pothesis is based largely on the effects of low temperatures (4° to 12° C.), of 
magnesium and potassium ions and of calcium-free sea water in preventing meta- 
morphosis. Anaesthesia, according to Heilbrunn’s theory of calcium release, 
ensues when such agents as ether and chloroform release calcium from the cortex 
of cells but prevent its binding with the inner protoplasm and thereby result in its 
liquefaction. Stimulation, on the other hand, occurs when agents release calcium 
from what seems to be a lipoprotein binding in the outer region of a cell and the 
free calcium enters the interior, becomes bound to the inner protoplasm and causes 
a clotting reaction essentially like that which occurs in blood (cf. Heilbrunn, 1952, 
pp. 604-613). Since stimulation cannot occur in the absence of calcium, the 
“colloidal theory” seems to explain the failure of larvae to metamorphose in 
calcium-free sea water. Furthermore, magnesium is a well-known depressant and 
both this ion and potassium have been found by Heilbrunn (1932) to have an 
anaesthetic effect on amebae. And finally, since the viscosity of some types of 
protoplasm (notably Cumingia eggs) is low at 2° C., gradually rising to a maxi- 
mum at 15° C. (Heilbrunn, 1927), it seems plausible to assume that the inhibitors 
of metamorphosis all have a common effect—viz., a lowering of viscosity. (It 
should be noted, however, that the viscosity curves of other types of protoplasm 
are not like those for Cumingia. Thornton, 1935, found the viscosity of Amoeba 
proteus to be low at 3° C., maximum at 7° C. and to decrease gradually again up 
to 36” C.; Ct, also, Costello, 1934.) 

The first set of experiments was set up to test the anaesthesia hypothesis of 
inhibition of metamorphosis by using two well-known anaesthetics, alcohol and 
potassium cyanide. The interaction between alcohol and neutral red was some- 
what incidental to the main purpose of the experiment. A second phase of the 
experiment with potassium cyanide involved a test for possible accelerating effects 
on metamorphosis following a removal of the larvae from the cyanide solution. 
This was considered worthwhile, since Loeb (1913) had reported parthenogenetic 
development of Arbacia eggs, previously activated to membrane formation by acid 
treatment, when the eggs were removed from sea water containing potassium 
cyanide ; and LeFevre (1948), also, had noted similar effects on Nereis eggs whose 
sensitization by picric acid was enhanced by cyanide. Thus, the experiments with 
cyanide were devised to determine the effects of both the presence and the removal 
of this anaesthetic on bryozoan larvae. 

The second set of experiments concerns the effects of mechanical agitation on 
metamorphosis. Observations made by the writer on B. neritina (Lynch, 1947) 
made it seem probable that prolonging the activity of the larvae by mechanical 
agitation inhibited metamorphosis in this species, as had been reported by Rogick 
(1939) for some fresh-water bryozoans. On the other hand, mechanical agitation 
generally acts as a stimulating agent causing liquefaction of the cortex of cells 
followed by gelation ot the interior protoplasm (Heilbrunn, 1952, pp. 368, 607 ; 
Angerer, 1936). Furthermore, mechanical agitation had been reported by Grave 
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(1935) as a factor inducing metamorphosis in ascidians; and shaking is a well- 
known parthenogenetic agent for starfish ( Matthews, 1901), for Urechis (Hiraiwa 
and Kawamura, 1936) and as a synergist with heat (but not with chemicals) in 
the activation of Nereis eggs (LeFevre, 1945). One would expect, consequently, 
that mechanical agitation either would have no effect on bryozoan metamorphosis, 
just as it has no effect on many types of marine eggs, or that it would hasten rather 
than retard setting. The effects of mechanical agitation, therefore, needed clar- 
ification. Again, the use of neutral red was somewhat incidental to the main 
purpose of the experiment. The dye was used merely to hasten setting so that 
significant counts could be made more quickly after mechanical agitation. The 
chief point at issue was to determine whether shaking would affect the rate of 
setting of the larvae. Thus, the question could be answered by noting synergism, 
antagonism or no correlation between dye and mechanical agitation. 

The third set of experiments concerns the interaction of light and dye. Since 
darkness inhibits metamorphosis (Lynch, 1949a) and a moderate amount of 
diffuse light hastens setting (Grave, 1930), it appeared likely that neutral red 
would show a photodynamic action in the induction of metamorphosis, especially 
since many dye-stuffs have their effects enhanced by light (cf., for instance, Ten 
nent, 1937; Alsup, 1941; Blum, 1941). 

The fourth set of experiments was devised to study the effects of acidity on 
larval motility and on metamorphosis and the interaction between acidified sea 
water and neutral red. Since other observations had shown that the dye actually 
enters the larval tissues and colors them visibly (Lynch, 1952), it seemed plausible 
to suppose that the dye molecules might induce metamorphosis by replacing calcium 
from protein-binding on the alkaline side of the isoelectric point and that the re- 
leased calcium would induce protoplasmic clotting. According to this viewpoint, 
a cationic dye like neutral red should not have the same effect both above and 
below the isoelectric point of larval protoplasm. Furthermore, it had been found 
that metamorphosis did not occur below a pH of 5.8 and that the inductive action 
of an excess of isotonic calcium chloride in sea water was greatly reduced by a low 
pH (Lynch, 1952). Secondly, since some types of eggs, notably those of the 
starfish, are stimulated to undergo parthenogenesis when removed from acidified 
sea water (Lillie, 1926), it seemed worthwhile to have data on the effects of a 
similar removal of larvae from sea water having a low pH. Finally, it was 
necessary to re-examine the effects of acidity on metamorphosis, especially from 
the standpoint of possible independent effects of buffers. This had not been done 
in previous studies on the effects of acidity on metamorphosis. 


MATERIALS AND METHODS 


As in previous experiments, the adult colonies were kept covered during the 
night before the observations were to be made; on the next day larvae were ob- 
tained by placing the parental colonies in a large finger bowl and exposing them 
to light. The photopositive larvae were readily pipetted within an hour from 
the region of the dish nearest the window. In all experiments with neutral red 
dye the writer used a 0.1% aqueous solution, obtained from the stockroom of the 
Marine Biological Laboratory. The proportions of dye added to sea water are 
given in parts by weight in the various tables, a lesser concentration having been 
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used when it was disadvantageous to have the larvae metamorphose too rapidly. 
Aside from the observations on photodynamic action, both control and experi- 
mental groups received the same number of foot candles of light (determined by a 
Weston photometer), in order to eliminate this factor as a variable known to be 
significant. Both groups of larvae were also placed close together in stender 
dishes, so that temperatures would not vary; the range for all experiments was 
24-27° C., except for those on the effects of potassium cyanide, performed at 
temperatures from 22-24° C. for reasons to be discussed later. 

Counting was facilitated by using paper ruled into squares 5 X 5 mm., some- 
what like the base of a haemacytometer except for size. Larvae stained red by dye 
were most easily counted by using white paper ruled into squares with black ink; 
unstained larvae showed best against black paper with squares made by white ink. 
Three or four counts were made for each dish to insure accuracy. Since a 
binocular microscope, which gives a field sufficiently large for counting, does not 
clearly reveal whether the larvae have metamorphosed or are only quiescent (or 
perhaps cytolyzed), the stender dishes had to be moved gently back and forth; 
attached larvae would stick rigidly, whereas unmetamorphosed quiescent ones would 
not. Larvae which became attached to the surface film were the most difficult 
ones to distinguish from those which were merely quiescent in this region of the 
dishes. The writer found that counting could be done most accurately by placing 
experimental and control larvae in a refrigerator about fifteen minutes before the 
counts were made; the low temperature (5° C.) activated quiescent larvae so 
that they could be distinguished easily from non-motile metamorphosed ones at- 
tached to the surface film. This was done in the experiments with potassium 
cyanide, actually the last ones performed in chronological order. 

For the experiments on the effects of anaesthetics, the writer used absolute 
ethyl alcohol, at a pH of 7.8, and 0.001 M potassium cyanide in sea water, dropped 
from pH of 8.7 to 7.8 by HCl. Since trial experiments had shown that the slight 
hypertonicity of the cyanide solutions had no accelerating effects on metamorphosis, 
a characteristic of solutions having greater than normal osmotic pressure, no ad- 
justment to isotonicity was considered necessary. 

For the effects of mechanical agitation, shaking was accomplished by a motor- 
driven agitator producing back and forth movements in a horizontal plane at the 
rate of about fifty oscillations per minute. Both experimental and control larvae 
were exposed to the same concentration of dye, 1 : 300,000 in sea water (pH = 7.8), 
and to the same amount of light. After fifty minutes of agitation both groups were 
removed and counts were made ten minutes later, after the larvae had time to be- 
come quiescent. It was found that shaking for more than fifty minutes caused 
fragmentation of the larvae. 

In the various sets of experiments on photodynamic action both experimental 
and control larvae were placed in sea water containing dye in proportions of 
1: 100,000. (A lower concentration of dye was used for experiments on mechani- 
cal agitation to prevent a too rapid setting of the controls while the experimental 
larvae were exposed to conditions that would probably not allow them to attach. ) 
One stender dish was kept in darkness in each experiment, while the other was 
exposed to fifty foot candles of diffuse daylight, except in four instances in which 
the larvae received seventy-five foot candles. Several sets of experiments, pre- 
ceding those on photodynamic action, had shown that there was no statistically 
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significant difference in the rate of metamorphosis within a range of twenty to 
seventy-five foot candles. 

Experiments on the effects of pH were carried out within a range of 4.5, 5.5, 
6.5 and 7.8 by using glacial acetic acid, hydrochloric acid and acetate buffer as 
indicated in Table III. Observations on the effects of a removal of larvae from 
sea water acidified by glacial acetic acid were made at two different points on the 
pH scale, 4.5 and 5.4. Larvae were removed from the former after intervals of 
1, 2, 3, 4, 5 and 60 minutes and from the latter after 30 minutes of exposure. For 
determining the interaction between acidity and neutral red, sea water containing 
dye in proportions of 1 : 300,000 was prepared at three pH values: 7.8, 6.5 and 5.5 
Both HCl and acetate buffer were used, as indicated in Table III to drop the pH 
below that of normal sea water. Determinations of the hydronium ion concen- 
tration were made by a Beckman meter after the larvae had been seeded. To 
test for possible independent action of buffers, the following were used: acetate, 
borate, glycine, and both potassium and sodium Mcllvaine buffers. (McIlvaine 
buffers are mixtures of citric acid and disodium phosphate; special buffers were 
prepared by substituting the dipotassium for the disodium salt. ) 


fiw 


RESULTS 


A. The effect of anaesthetics 


1 i tintin 


Alcohol. Experiment number 7 of Table I is the most significant of the group, 
since it shows that alcohol can completely inhibit metamorphosis. The other 
experiments show antagonistic action between alcohol and neutral red dye. (1) 
The effect of alcohol is rather easily suppressed by the higher of the two con- 
centrations of neutral red, 1: 100,000, a 3.3% solution of alcohol and sea water 
giving some inhibition of metamorphosis by three hours but very little by twenty- 
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TABLE | 


nea 


The effects of absolute ethyl alcohol alone and in combination with neutral red dye 


No. larvae metamorphosed Development 
| of zooids 


| 


Concentr | Concentr. in hours 
No. exp neutral red/sea | alchool 
water sea water 


Inhibition 
by alcohol — 


Exp. | Control 
1: 100,000 1.0% te - - + | slight good good 
1: 100,000 3.0% + - slight | good | good 

1: 100,000 3.3% slight good good 
1: 300,000 1.0% | ++ slight 

1: 300,000 3.0% + notable poor fair 

1: 300,000 3.0% notable poor good 
none 3.3% - complete none | 


* In exp. 5 and 6 there were more than the usual number of unmetamorphosed larvae at 3 hrs. 
for this concentration of neutral red and sea water. 


++++ = ca. 90-98% The percentages are approximate. The pH of exp. no. 7 
++4 = ca. 60-80% characteristic of the group, dropped from 7.8 to 7.5 within 
+ + = ca. 10-25% 24 hrs. Control larvae were in the same concentration of 
= ca. 3-5% dye and sea water but without alcohol. 
= none 
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four. (2) With a concentration of 3% alcohol and that of the dye reduced to 
1 : 300,000, (experiment 6) none of the larvae had metamorphosed by three hours 
and only about 20% had attached by twenty-four hours. (3) When the concen- 
tration of alcohol was raised to 3.3% and no dye was used, metamorphosis was 
inhibited completely within the twenty-four hour period of observation. This was 
found to be true of other experiments with the same concentration of alcohol. 
(4) If one compares experiments 3 and 7, it is evident that, when no dye is 
present (experiment 7), a 3.3% solution of alcohol and sea water suppresses 
metamorphosis, whereas the same concentration of anaesthetic is practically in- 
effectual when the concentration of dye is high (experiment 3). Larvae under 
the anaesthetic effect of alcohol show neither positive nor negative reactions to 
light, gathering in the center of the stender dishes, exactly like those subjected to 


TABLE II 


The effects of KCN (A). mechanical agitation (B) and photodynamic action (C) on the 
rate of metamorphosis of Bugula flabellata 


A. Effects of KCN on the rate of metamorphosis 


Experimental Controls 
Control larvae were pipetted to sea water and 
counted 60 min. later, at the same time as 


the experimental larvae. 


Larvae exposed for 30 min. to sea water con- 
taining 0.001 M KCN at a pH of 7.8 (from 
8.7 by HCl). Larvae were counted 30 
min. after removal from test solution. 

Per cent 


metamor 
phosed 


Per cent. 
No No. meta- metamor No. 
larvae morphosed phosed larvae 


109 9 8 189 82 43 
30 21 70 161 85 53 
69 157 98 62 
12 5 102 42 41 
59 ; 23 17 74 
47 46 41 89 


63 33 26 79 


No. meta 
morphosed 


389 711 391 54.9 


Statistics 
Experimental Controls 
No. larvae 389 711 
No. observations 7 7 
lotal number meta- 
morphosed 391 
otal per cent meta- 


morphosed 
Mean per cent 
Standard deviation 


t = 3.13; P = .02 

F (variance for column 
means) = 7.3; P = .03 

F (variance for row 
means) = 0.29: P => .10 


54.9 
63.0 
19.2 


Note: the ¢ value is calculated for a difference of two means ot in- 
dependent (uncorrelated) samples, since r = — 0.018; ¢ = .03. 
Nocorrelation was found for observations made on the same day. 


Otherwise F = # and t = 2. 


7; P = .03. 


The analysis of vari- 


ance was made by the method of Croxton (1953, p. 295). 
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TABLE II—Continued 





B. The combined effects of mechanical agitation and neutral red dye. Both 
experimental and control larvae were in sea water containing dye in 
concentration of 1:300,000 and at a pH of 7.8. Both groups 
were equally illuminated. 










Experimental Control 
Larvae in dye solution and agitated Larvae in dye solution and 
for 50 min. not agitated 
No. larvae 824 1189 
No. observations 15 15 







Rate of metamor- 








phosis in hrs. 1 2 3 1 2 3 
Total no. meta- 

morphosed 217 656 800 430 964 1144 
Total per cent 

metamorphosed 26.2 79.6 97.1 36.1 80.4 96.2 
Mean per cent 29.2 71.6 90.6 43.2 83.5 91.8 
Standard deviation 20.2 19.1 13.7 20.2 16.8 14.4 
tfor 1 hr. = 1.9; P = .08 The ¢ value is calculated for 
t for 2 hrs. = 1.7; P = .10 the difference of two means of 
tfor 3 hrs. = 0.6; P = .50 or greater independent samples. 





C. Combined effects of light and neutral red dye on the rate of metamorphosis. 
The dye concentration for both experimental and control larvae was 
1:100,000 and the pH was 7.8. 











Experimental Control 





Larvae exposed to 50-75 Larvae in dye solution and in 








ft. candles of diffuse darkness 









daylight 
No. larvae 623 825 
No. observations 16 16 
Rate of metamor- 









phosis in hrs 1 2 a 1 2 3 
Total no. meta 

morphosed 561 608 623 602 670 776 
lotal per cent 

metamorphosed 90.0 97.9 100 72.9 81.2 94.1 
Mean per cent 90.0 98.8 100 71.6 85.0 96.3 





jation 9.4 3 2 0 20.9 14.3 5.1 


Standard dev 















t for 1 hr. 3.31; P =< t for 3 hrs. 
(for 2 hr 3.68; P < .005 









an excess of either magnesium or potassium chlorides in sea water (Lynch, 1949a). 

Potassium cyanide. Larvae left in 0.001 M solution of potassium cyanide and 
sea water showed marked inhibition of metamorphosis when compared with the 
controls, but this concentration of cyanide did not completely prevent metamor- 
phosis. In an experiment, typical of the others, 10% of the larvae attached to 
the surface film and developed into well-formed zooids; the remainder were 
geopositive during the observation, and of these organisms 20% metamorphosed 
forming zooids of retarded growth. The better development of larvae attaching 
to the surface film is characteristic of this organism, having been observed hundreds 
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of times in experiments with other types of agents. Since Table II A shows the 
inhibiting effects of potassium cyanide after the larvae were removed from this 
solution to sea water, no actual counts were made on larvae left in the cyanide-sea 
water except the one given above. The experiments are easily reproducible, and 
the inhibiting effects of cyanide are patently evident when one compares experi- 
mental and control organisms after eight hours of exposure. 

The unusually large number of control larvae metamorphosed by two and a 
half hours after their emergence from the ovicells, as indicated in Table II A, 
offered a challenging problem. Early setting was a characteristic of the larvae 
studied during the summer of 1954, when the observations on potassium cyanide 
were made. These experiments were carried out in a room where the air tem- 
perature often reached 27° to 29° C. by mid-afternoon, whereas the other experi- 
ments reported in this paper were performed in a cooler basement room (24°- 
27° C.) during the summer of 1952. Despite repeated attempts towards a solu- 
tion of the problem by keeping the larvae of both experimental and control groups 
in a sea tank (22°-24° C.), where the temperature was actually somewhat lower 
than in previous years, the phenomenon of early setting continued. If higher 
temperatures were the cause of the abbreviated natatory period, the heat must have 
affected the organisms before they were shed as larvae. Since the adult colonies 
were exposed for several hours during the afternoons preceding each experiment, 
the heat may have caused the larvae to be shed in a state of more advanced de- 
velopment than in other years. A phenomenon apparently akin to the above oc- 
curs in some of the tunicates, which, according to Berrill (1930), may actually 
metamorphose before hatching. As pointed out by Wright (1934), development 
is the result of a large number of chemical and physical reactions, the rates and 
durations of which are determined by the history of the organism prior to the 
stage in question, by correlative reactions within the organism, by external en- 
vironmental factors and by the action of the genes within each cell. The prob- 
lem of variability in the natatory period of bryozoan larvae under normal con- 
ditions remains a puzzling one, as does that of epidemics of early settings which 
occur on certain days every year, despite the apparent sameness of the environment. 

Table II A shows that the anaesthetic effects of cyanide could be detected 30 
minutes after removal of the larvae from the inhibiting solutions to sea water. 
The difference in numbers of metamorphosed larvae in the two groups can be 
explained partly on a time basis alone, since some of the controls were meta- 
morphosing during the thirty minutes when the experimental larvae were inhibited ; 
but part of the differences seems to be attributable to a persistence of the anaes- 
thetic effect even after the removal of inhibition. In this respect, bryozoan larvae 
do not react like those marine eggs that are stimulated to undergo cell division 
parthenogenetically after removal from cyanide solutions to sea water. 


B. The effects of mechanical agitation 


Table II B shows that only at the end of an hour was there a difference that 
was almost significant (P = .08) between larvae that were agitated and the con- 
trols. Since there was no difference in the two groups at the end of two and at 
the end of three hours, shaking apparently had no effect on the condition of the 
protoplasm of the larvae but caused a purely mechanical interference with setting, 
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a process that requires a certain degree of quiescence of organisms about to attach. 
Since both experimental and control groups were exposed to very dim daylight 
(less than ten foot candles) during the first fifty minutes of immersion in the dye, 
the percentage of metamorphosed larvae at the end of an hour was relatively small. 
(At 50 to 75 foot candles, as determined by nineteen sets of independent experi 
ments on 1462 larvae divided into two groups, 679% of one group and 70% of the 
other had metamorphosed by the end of an hour in the same concentration of dye 
and sea water as was used for the observations recorded above. ) 


Evidence for photodynamic action 


Table II C gives data for sixteen experiments with larvae immersed in sea 
water containing neutral red in proportions of 1: 100,000 under conditions of light 
and darkness. The t ratios obtained, 3.31, for the difference of the two groups 
at the end of one hour and 3.68 at the end of two hours, show that the experimental 
larvae differed significantly at the 1% confidence level from the controls not ex- 
posed to light. The differences in the two groups became more apparent after an 
hour, when the dye had time to penetrate the larvae and bring about the changes 
that induce metamorphosis. These data afford ample evidence of photodynamic 
action. For some unknown reason, larvae that metamorphosed in darkness 
formed somewhat larger and better zooids at the end of eight hours than those 
which attached in the light. 


D. The effects of acidity 


Larval motility and the pH of the medium. Since it had been noted in ex- 
periments already published (Lynch, 1949a) that larval movements cease below a 
pH of 6.0, the following observations on motility concern only contrasting effects 
of constant versus variable pH. 

When the stender dishes were covered to maintain a constant pH, the larvae 
remained almost motionless and no excursive swimming movements could be de- 
tected a few minutes after immersion. When the dishes were left uncovered, how- 
ever, and the pH shifted upwards, the larvae began movements between a pH of 
6.2 and 6.8. Larvae, first subjected to a low pH, continued to swim much beyond 
their usual period when either the pH was allowed to rise gradually or the organ- 
isms were transferred to normal sea water. Four experiments, typical of others, 
were recorded. In two instances involving a gradual rise of pH from 5.8 to 7.0- 
7.4 nearly all the larvae were still active at twenty-four hours, whereas less than 
10% of the controls were motile. In another there were 24% swimming at the 
end of thirty-five hours and some were still active at forty-eight. Such prolonged 
swimming has not been observed in normal sea water. In a fourth experiment 
the larvae were transferred to their normal medium from sea water acidified to a 
pH of 5.5 by glacial acetic acid. Of these, 25% were still motile at twenty-four 
hours as opposed to only 4% of the controls. This persistent effect of acidified 
sea water in retarding metamorphosis after the inhibiting agent has been removed 
resembles that of potassium cyanide. The lower range for swimming movements 
of Bugula larvae corresponds fairly well to the values given by Rogers (1938) for 
ciliary action in other organisms, from 5.5 to 6.0. The upper limit in alkaline sea 
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water has not yet been determined for these larvae. The motility of Bugula larvae 
is not affected by adding neutral red to acidified sea water. 

Effects on metamorphosis. Larvae did not metamorphose when they remained 
in sea water acidified by glacial acetic acid to a pH of 4.5 or 5.5. As had been 
noted in experiments with other acids (Lynch, 1949a), these observations and 
others set the lower limit of pH ranges within which metamorphosis can occur at 
about 6.0. Larvae exposed to acidified sea water shed their outer ciliated covering, 
revealing denuded jelly-like remains, presumably the internal sac containing ad- 
hesive fluid. Nearly all larvae had reached this stage of complete denudation by 
eight hours. Cytolysis, nevertheless, was not as rapid as one might expect. Ata 
pH of 4.5 to 5.6 disintegration was fairly extensive within three hours; but within 
a pH range of 5.6 to 6.2 the larvae maintained their integrity for eight to twelve 
hours. These organisms, therefore, are neither as resistant to acid cytolysis as 
Nereis eggs, which can withstand exposures to sea water acidified to a pH of 6.6 
by picric acid for as long as seventy-two hours without injury (LeFevre, 1945), 
nor are they as susceptible as starfish eggs which are damaged by a slight over- 
exposure to acid sea water (Lillie, 1926). 

Transfer experiments. Transferring larvae after intervals of 1, 2, 3, 4, 5 and 
60 minutes from sea water acidified to a pH of 4.5 by glacial acetic acid (one drop 
per 125 cc.) did not induce precocious metamorphosis. In fact, larvae that were 
exposed for 60 minutes to acidified sea water remained quiescent, except for ciliary 
movements, from the time of removal to their normal medium and did not meta- 
morphose at all. Those exposed for one to 5 minutes, on the other hand, eventually 
metamorphosed, but the number of natatory larvae was larger than that of the 
controls, when compared at eight hours, and they were more vigorous in their 
swimming movements. Removal to sea water, therefore, had much the same effect 
as allowing the pH to rise gradually. Actual counts were not made, since the 
experiments are readily reproducible, and the difference in behavior of experimental 
and control larvae was clearly evident. 

Inhibition of the action of neutral red by acidity. Table III shows a sig- 
nificant difference at the 5% confidence level (t = 2.4) in the effectiveness of the 
dye (1:300,000) at a pH of 7.8 as contrasted with a pH of 6.5. To test for 
persistence of acid effects, the pH was allowed to rise slightly, since dishes in all 
experiments except the last were uncovered. Note the greater inhibition of the 
dye by a low pH in the covered dish. 

\t a pH of 5.5—-5.8 a dye concentration of either 1 : 300,000 or 1: 100,000 failed 
to induce metamorphosis. Antagonism between dye and acidity was complete 
within this range, provided that the hydronium ion concentration was maintained 
at this level for twenty-four hours. This was done by covering the dishes, which 
prevented a rise of more than 0.4—-0.5 of a pH unit during a twenty-four hour 
period. (The exclusion of oxygen will not prevent metamorphosis, for setting will 
occur in tightly corked bottles having only 20 cc. of undissolved air available.) 
The reduced effectiveness of a cationic dye such as neutral red in acid media is in 
striking contrast to the behavior of anionic dyes, such as eosin and rose bengal. 
The latter, according to Dognon (1927), are more potent photodynamically in acid 
than in alkaline solutions. 

Independent action of buffers. The experiments on acidulated sea water 
showed that for ranges below a pH of 5.5 larval behavior depended only on the 
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hydronium ion concentration, regardless of its source of maintenance, but at pH 
values higher than this the cations of some buffers had an independent action. 
Thus, phosphate and acetate buffers (both 0.05 M) as well as hydrochloric and 
citric acids (0.1 N) all gave identical results below a pH of 5.5. But within a 
range of 6.0 to 7.0 both sodium and potassium Mcllvaine buffers caused the larvae 
to shed adhesive fluid while swimming, always as granular particles in sodium- 
buffered sea water but as reticulated fibers, which on congealing entangled the 
larvae, in potassium solutions. When the loss of adhesive fluid was great, meta- 
morphosis did not occur. A slighter loss, while permitting metamorphosis, re- 
sulted in zooids that were abnormally long and slender, apparently lacking much 
of their zooecial walls, which are formed from adhesive fluid (cf. Corréa, 1948). 
There is no adequate explanation for this peculiar loss of adhesive fluid in sodium- 


TABLE III 


The effects of acidity on the induction of metamorphosis by neutral red dye. The 
concentration of neutral red for both groups = 1:300,000 pts. 


A. Number and percentage of meta- B. Number and percentage of 
morphosed larvae in sea water-dye metamorphosed larvae in sea 
at a pH of 6.8 at the end of one hour. water-dye at a pH of 7.8 at 

the end of one hour. 

No. No. meta- Per- Subst. No No. meta- Per- 

larvae morphosed cent added larvae morphosed cent 

74 47 64 HCl 55 42 
90 10 11 HCl 64 42 
35 12 34 Acetate 82 62 
46 25 54 Acetate 72 54 
15 13 Acetate 60 : 62 
114 17 Acetate 68 62 
133* 0.8 Acetate 130 : 65 


507 116 22.8 431 


~ 


27 
51 
40 


The ¢ ratio for the difference between larvae at a pH of 6.8 and at 7.8 = 2.4. P 


* This was the only stender dish covered. Note the effectiveness of covering the dish in 
preventing a rise of pH. 


and potassium-buffered sea water. A similar phenomenon occurs in larvae sub- 
jected to heat (32°-35° C.), to potassium-free sea water, to tissue extract prepared 
from minced frog muscle according to the manner described by Harding (1951) 
and presumably containing a thrombin-like substance and, finally, to sea water 
raised to a pH of 8.8-9.5 by sodium or potassium hydroxides. The latter, of 
course, cause calcium and magnesium precipitation, but the larvae show no loss 
of fluid in either magnesium-free or calcium-free sea water. 

In contrast to the effects just discussed, neither acetate nor borate buffers 
(both 0.05 M, initial concentration) nor glycine (0.1 M, initially) had any notice- 
able effect on the larvae. Glycine and acetate buffers are of special interest, since 
Grave and Nicoll (1934) reported that the former had accelerating effects on 
ascidian metamorphosis; and the latter sometimes has an independent effect, as it 
apparently does when used on Fundulus eggs (Loeb, 1915; Bridges and Sumwalt, 
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1934). Statistical tests, made by using glycine in the small amounts employed in 
buffering sea water, did not reveal any significant effects of this amino acid. The 
possible effects of larger amounts of glycine are not yet known. 


DISCUSSION 


Nothing need be said at this time regarding the photodynamic action of neutral 
red in the induction of metamorphosis. The effects of both light and dye on 
protoplasmic viscosity will be discussed in a subsequent paper concerning extrinsic 
factors in metamorphosis and parthenogenesis. 

The anaesthetic effects of both alcohol and potassium cyanide lend support to 
the hypothesis that inhibition of metamorphosis may involve a decrease in proto- 
plasmic viscosity. Thus, alcohol, potassium cyanide, low temperatures (5-12° C.), 
calcium-free sea water and an excess of potassium and magnesium ions all have two 
things in common; they inhibit metamorphosis in bryozoan larvae and, according 
to the calcium-release theory of Heilbrunn (1927, 1934, 1952, pp. 730-732), they 
either lower viscosity (potassium and magnesium ions, anaesthetics and low tem- 
peratures, the last in only some types of protoplasm at 5-15° C.) or they prevent 
a rise in viscosity of the interior of cells (calcium-free sea water) requisite for 
stimulation. Note should be made of the fact that potassium cyanide has effects 
other than anaesthesia alone ; but it would be useless to discuss these in our present 
state of ignorance of respiratory enzymes of larvae. Unfortunately, the experi- 
ments with potassium cyanide do not yield any information concerning a possible 
relationship between mitotic inhibitors and those which suppress metamorphosis, 
since cleavage is stopped in some marine eggs by cyanide but not in others (cf. 
Brachet, 1950, p. 165). 

Since the data on mechanical agitation indicate that shaking has no effect on 
metamorphosis other than that of preventing the larvae from acquiring the degree 
of quiescence requisite for setting, these results might seem to militate against 
the working hypothesis that the induction of the process of attachment is a kind of 
stimulation involving an increase in viscosity, possibly of a muscle or nerve of the 
organisms. Yet, mechanical agitation is by no means a universal method of ef- 
fecting artificial parthenogenesis, presumably also a response to stimulation, since 
some kinds of marine eggs respond to this agent and others do not. Contrary 
to what one might expect, the forced activity of larvae during mechanical agitation 
does not cause an increased assimilation of neutral red from sea water by repeated 
collisions between the organisms and dye molecules. Neither does crowding have 
any effect on these organisms (unpublished data). Bryozoan larvae in these re- 
spects differ from ascidians, which assimilate more copper from sea water during 
mechanical agitation (or during crowding) than they do normally (Grave, 1935). 

The effects of acids, however, are similar in both bryozoans and ascidians. 

sradway (1936) found that setting of the tunicate, Clavelina huntsmant, was in- 
hibited below a pH of 6.0 and that the percentage of attached organisms increased 
progressively as the pH rose from 6.0 to an optimum at 8.0; then a slight decrease 
occurred between 8.0 and 8.4. Bradway believed that a high pH favored the 
action of proteolytic enzymes which she thought were involved in setting. Grave 
(1935), working on other types of ascidians, obtained results essentially similar 
to those of Bradway. Berrill (1930, 1947), however, after removing larvae hatched 
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at a high pH to a medium of low pH, concluded that the latter favored meta- 
morphosis. But he also observed that tadpoles reared throughout at a high 
hydronium ion concentration became acclimatized; thus, absolute acidity was less 
effective than a sudden increase in the hydronium ion concentration. Unfortun- 
ately, Berrill’s papers do not indicate what precautions he took to maintain the 
pH at a definite level, whereas Bradway kept a constant pH by changing the 
solutions every fifteen minutes. This controversy has never been settled. 

There are many striking similarities in the effects of acidity on various organ- 
isms. Thus, acidity not only inhibits metamorphosis in bryozoans and in some, at 
least, of the ascidians, but it also causes a profound depression in the division 
rate of Chilomonas below a pH of 5.5 (Mast and Pace, 1938). It likewise in- 
hibits cleavage in marine eggs. As is well known, cell division of the latter does 
not occur in acid solutions, even though these media may initiate mitosis after 
the organisms have been removed to normal sea water (Loeb, 1913; Lillie, 1926). 
Inhibition of fertilization and maturation by acids is also well known for many 
types of eggs (Smith and Clowes, 1924; Krahl, Clowes and Taylor, 1936; Tyler 
and Scheer, 1937; Hollingsworth, 1941; Allen, 1953). Furthermore, acidity in- 
hibits the parthenogenetic effects of heat on Nereis eggs (LeFevre, 1945) and 
of ultraviolet light on Spisula eggs (Allen, 1953). 

Finally, the motility of many organisms, other than bryozoan larvae, is greatly 
reduced in acid solutions. Marine amebae, for instance, show a progressive loss 
of movement as the pH drops from 8.5 to 5.9 (Pantin, 1923); and the fresh 
water species, Amoeba proteus, becomes immobilized in solutions on low pH, about 
5.0 to 5.3, depending on the salt concentration (Pitts and Mast, 1933a; 1933b). 
Although one does not usually associate acid effects with anaesthesia, there are 
many similarities between the former and the latter. Not only do bryozoan larvae 
show identical behavior in acid solutions and in anaesthetics such as alcohol, po- 
tassium cyanide and an excess of magnesium or potassium ions, but other ciliated 
animals act as if anaesthetized in acidulated sea water (pH of 5.5), being ap- 
parently unable to transform chemical energy into the kinetic energy of motion 
according to Rogers (1938). (For anaesthetic effects of acid and alkaline solu- 
tions on Nitella cf. Osterhout and Hill, 1933.) 

That bryozoan larvae would show a persistent retardation of the rate of 
metamorphosis on removal from acidulated or cyanized sea water was not an- 
ticipated. The problem of stimulation following inhibition, which occurs in a 
surprisingly large number of biological phenomena (cf. Buchanan, 1938), and the 
correlated question of the role of acidity in the application of the calcium-release 
theory to bryozoan metamorphosis will be presented in a subsequent paper. The 
above data lend support to the theory that a cationic dye, such as neutral red, 
induces setting on the alkaline side of the isoelectric point by releasing and sup- 
planting calcium from its protein-binding. The freed calcium could then unite 
with protein molecules which act like anions above the isoelectric point of the pro- 
tein involved. This hypothesis offers an explanation for the effects of cationic 
dyes in inducing both metamorphosis and parthenogenesis. (For the latter, cf. 
Brooks, 1947, 1949.) In acid media, however, calcium, even if freed by dye, 
could not unite with protein molecules which themselves act like cations in suf- 
ficiently acid solutions. Thus clotting could not occur. But both cationic dyes 
(neutral red and methylene blue) and at least one anionic dye (eosin) hasten the 
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rate of fixation of Bugula larvae. (For the effects of anionic dyes in causing 
parthenogenesis, cf. Lillie and Hinrichs, 1923; Alsup, 1940, 1941.) At the pH of 
sea water, however, eosin is much less effective than neutral red in inducing 
metamorphosis. Since factors other than calcium are involved in coagulation, 
it would not be illogical to assume that anionic dyes cause stimulation by an al- 
ternative series of reactions involving other components of the clotting mechanism. 
But observations being made currently by the writer and one of his students show 
that both neutral red and eosin release calcium in Elodea leaves and cause the 
formation of oxalate crystals. The data so far available show that neutral red is 
more effective at a high pH, whereas eosin releases more calcium at a low pH. 
This is to be expected, if penetration is the main factor in causing a differential 
release of calcium at higher and lower pH values. Observations made by Beck 
(1933) on starfish eggs showed that neutral red penetrates more rapidly from 
media more alkaline than the protoplasm. Eosin, on the other hand, presumably 
acts like other acid dyes such as methyl red and fluorescein, both of which pene- 
trate cells better at a pH lower than that of sea water. (Cf. Beck, 1933, for 
methyl red and Blum, 1941, p. 89, for fluorescein.) Undoubtedly much of the 
reduction in potency of neutral red in inducing metamorphosis in acid media is at- 
tributable to poorer penetration, for the larvae stain less intensely than at higher 
pH values. Nevertheless, other factors seem to be involved in the inhibition of 
neutral red by acidity, for some dye does penetrate the larval tissues. The problem 
of stimulation by dyes, and its relation to calcium-release, will be considered in a 
subsequent paper. 


SUMMARY 


1. Both absolute ethyl alcohol and 0.001 M KCN inhibit metamorphosis. <A 
3.3% solution of the former completely suppresses setting. But sea water con- 
taining 0.001 / KCN merely retards the onset of metamorphosis and reduces the 
number of attached forms in comparison to the controls. Inhibition by KCN 
persists for at least an hour after removal of the organisms to sea water. The 
induction of metamorphosis by neutral red is greatly inhibited by a 3% alcohol 
solution when the concentration of dye is low (1: 300,000) but very little when the 
concentration of dye is high (1: 100,000). Lowering the concentration of either 
factor while the other remains constant reduces the degree of antagonism. 

2. Neutral red acts photodynamically in the induction of metamorphosis. 

3. Mechanical agitation, for the duration of shaking used in these experiments, 
does not affect the rate of metamorphosis at the end of one hour or at the end of 
two hours after agitation ceases. But ten minutes after shaking the number of 
larvae metamorphosed in the control groups is almost significantly larger (P = .08) 
than that of the larvae exposed to agitation. This may indicate that shaking 
merely interferes with the mechanical process of setting, which requires quiescence 
on the part of the organisms, and does not affect the state of larval protoplasm. 

4. When the pH of sea water is dropped to 5.5 the motility of the larvae de- 
creases to nearly zero. Metamorphosis, also, is inhibited by a pH below 5.8 or 6.0. 
Acid inhibition of metamorphosis persists after the larvae are removed to their 
normal medium from sea water acidulated to the pH values used in these experi- 


~ 


ments (5.5 and 4.5). Below a pH of 5.5 the behavior of the larvae depends on the 
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hydronium ion concentration alone, regardless of the agent used to drop the pH 
of sea water. Within a range of 6.0 to 7.0, however, both sodium and potassium 
Mcllvaine buffers interfere with setting and cause the larvae to lose adhesive fluid 
while swimming. At the concentrations employed in the experiments, no sig- 
nificant difference in the behavior of experimental and control larvae could be 
detected when glycine, borate or acetate buffers were added to sea water. The 
initiation of metamorphosis by neutral red is inhibited partially within a pH 
range of 6.5-7.0 and completely at a pH of 5.5. 

5. The data support the hypothesis that inhibition of metamorphosis is actually 
a kind of anaesthesia brought about by a reduction in viscosity of the larvae or of 
some of their tissues such as muscles or nerves. These experiments and others can 
be interpreted best by assuming that the initiation of metamorphosis in bryozoans 
is a response to stimulation involving viscosity changes in the protoplasm opposite 
to those ensuing when inhibition occurs. 
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IONIC AND OSMOTIC CONCENTRATIONS IN BLOOD AND 
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In its normal medium of sea water the blood of Pachygrapsus may be slightly 
hypo-osmotic (Jones, 1941; Robertson, 1953). In a dilute sea water the blood 
concentration declines somewhat but is maintained higher than the concentration 
of the medium (Jones, 1941) and this hyper-osmotic regulation permits the crab 
to enter regions of brackish water. Ina more concentrated sea water Pachygrapsus 
shows limited hypo-osmotic regulation, a function associated with its survival out 
of water for long periods, as at low tide. Ionic analyses of blood as compared with 
sea water indicate that magnesium and sulfate are strongly excluded and that 
sodium, potassium and calcium concentrations are only slightly lower than in sea 
water (Robertson, 1953). If the crab is acclimated to sea water of various salin- 
ities, the ratio of potassium is held more constant than the sodium ratio (Gross, 
1952). 

The shore crabs’ limited mechanisms of osmotic and ionic regulation are not 
well known but they are certainly interrelated. The excretory organs (antennary 
glands) appear to be more important for ionic than for osmotic regulation. In 
brackish water the osmotic concentration of the urine of Carcinus maenas is higher 
than the concentration of the medium and slightly lower than the concentration 
of the blood, yet the chloride in urine is the same as in blood; the volume of urine 
becomes increased but the combined effects of increased volume, slight dilution 
and no change in chloride concentration cannot account for the hyper-osmotic 
regulation (Nagel, 1934). A similar conclusion was reached on other grounds 
for Palaemon (Parry, 1954). 

That various ions are excreted at separate rates is indicated by different blood/ 
urine ratios for specific ions in such crabs as Carcinus (Robertson, 1949; Webb, 
1940). Iodide which is injected into the crab is found to become concentrated 
in the urine (Nagel, 1934) and when extra MgSO, is added to sea water, mag- 
nesium and sulfate ions are increased in the urine (Webb, 1940) although urinary 
excretion accounts for loss of only a small fraction of injected salts (Bialasezwicz, 
1932). To compensate for the high salt loss via urine when in a dilute medium, 
the crab may absorb salts actively, possibly by its gills (Webb, 1940) ; there may 
also be body salt stores which are used when the crab is in a dilute medium but 
these would necessarily be temporary (Hukada, 1932; Gross, 1951). The pas- 
sive permeability of the body surface to both water and salts is low (Webb, 1940). 


1From the Hopkins Marine Station of Stanford University, Pacific Grove, California. 
We are grateful for the generous assistance and facilities provided by Dr. L. W. Blinks, 
Director, and by Dr. A. C. Giese. 
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Mechanisms of hypo-osmotic regulation in crabs are unknown, although active 
absorption of water is suggested (Gross, 1952). The mechanism of urine forma- 
tion in the antennary glands is also unknown but filtration can hardly occur and 
secretion of salts and possibly of water is indicated (Prosser et al., 1950). 

A balance sheet of influx and outflux of water and ions by the various routes 
is needed. The following observations do not provide such a balance but they 
do partially indicate the role of the antennary glands in ionic and osmotic regu- 
lation in Pachygrapsus crassipes. Pachygrapsus is particularly suitable for investi- 
gation because it shows both hyper-osmotic and hypo-osmotic regulation, it can 
be catheterized easily for urine, it is of convenient size and survives well in the 
laboratory. 

MATERIALS AND METHODS 


Freshly collected specimens of Pachygrapsus crassipes were acclimated to 50% 
and to 170% sea water (S.W.) over periods of five to seven days by changes of 
10 to 30% per day; preliminary experiments showed virtually complete adaptation 
to such salinity changes in 24 hours. The crabs were kept in approximately 100 
ml. of fluid in individual finger bowls at room temperature and the water was 
changed once or twice daily. Records were kept of sexes, but no differences 
noted; however, marked abnormalities in osmoregulation were found in molting 
crabs, as observed by Baumberger and Olmsted (1928) ; hence soft-shelled crabs 
were eliminated. 

Blood samples were removed from sinuses by means of glass capillaries of 1 
mm. O.D. and 2 cm. length by puncturing the cuticle at a leg joint. Urine was 
sampled by inserting the tips of capillaries, 0.1-0.3 mm. diameter, into the excre- 
tory pore; normally the pressure in the bladder caused the urine to overflow a 10 
cm. long capillary at once. Drops of blood and urine were extruded from the 
capillaries onto a paraffin surface for sampling by micropipettes. Osmotic con- 
centrations were measured in both blood and serum, ions in serum only. 

Osmotic concentrations were measured by a freezing-point method similar to 
that developed by Gross (1952). Capillaries containing a small amount (0.01 ml. 
is sufficient) of fluid are sealed at the ends with vaseline, mounted in grooved 
plastic racks and quickly frozen on dry ice. A number of these racks of capil- 
laries can be accumulated and on each rack are placed four or five capillaries 
containing known concentrations of NaCl; each rack holds 12 capillaries. For 
measurement, a rack of frozen capillaries is inserted into a holder which is im- 
mersed in a 300-ml. dish of brine (2 N NaCl) cooled by dry ice to lower than 
—2° C. A stirrer agitates the brine which warms at about 1° per 15 minutes, 
a rate fixed by the amount of insulation in the box supporting the dish. Light 
from below passes through a sheet of polaroid, then through the dish with the 
capillaries, and through a plastic cover on which is a second piece of polaroid. 
When viewed by polarized light, the transition from the crystalline frozen state 
to the melted state is abrupt and sharp. The time of complete melting in each 
capillary is recorded, this time is plotted against the known concentrations, and 
values of unknowns are obtained by interpolation and expressed as equivalent 
normality of NaCl. Results of this method are easily reproducible to within 
0.02 N; addition of 0.5% albumin to sea water causes no significant difference 
and values for serum and clotted blood overlap. 
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Sodium and potassium concentrations were measured with a Beckman flame 
photometer, using an acetylene flame. For the urine, 10-ul samples were read 
directly after dilution with Pyrex-distilled H,QO; blood samples were allowed 
to clot and serum was drawn into the micropipette. Sodium was read at 588 mp 
and K at 767 mp, against appropriate standards. Magnesium and calcium con- 
centrations were measured by a Beckman flame photometer equipped with a 
hydrogen flame and a multiplier phototube similar to that described by Chow and 
Thompson (1955). Calcium and magnesium were read at 422.7 and 370.8 mu, 
respectively. 

Seven separate series of experiments were used with variations as indicated 
under Results. The total number of crabs examined after equilibration were: 31 


in 100% S.W., 32 in 170% S.W., 20 in 50% S.W. 


RESULTS 


In the first three series, osmo-concentration, potassium and sodium concen- 
trations in blood (serum) and in urine were measured from groups of five or six 
crabs each in 50%, 100% and 170% S.W., respectively. In the fourth series 
some of the crabs from the second series were sampled a week later from 50%, 
100% and 180% S.W.; these crabs were in poor condition, several deaths had 
occurred and it was concluded that experimental conditions were inadequate for 
such prolonged storage. In the fifth series of measurements, three groups of three 
crabs each were sampled at 1, 3 and 5 days after reaching 170% S.W. (this after 4 
days of gradual transfer through intermediate concentrations) ; three groups of 
three crabs each in 100% S.W. sampled at the same time. No significant dif- 
ference was found at the three times sampled; hence it was concluded that ac- 
climation was virtually complete one day after reaching 170% S.W. Osmotic 
concentrations were measured on blood and serum in two-thirds of the animals, 
on blood in all. However, since differences between blood and serum values in a 
given medium do not differ by one standard error, only the blood figures are 
here presented. 

The results of all the measurements of sodium, potassium and osmo-concen- 
tration in blood and urine of crabs acclimated to 50%, 100% and 170% S.W. are 
summarized in Table I and in Figure 1, b, c, and d and the significance in terms 
of 95 per cent fiducial limits for the blood are given in Table II. The osmotic 
concentration of the blood is clearly hypertonic to 50% S.W., it is insignificantly 
hypotonic in 100% S.W., and significantly hypotonic to 170% S.W. The urine 
is slightly hypotonic to the blood (10% level significance) in 50% S.W. and in 
100% S.W. (3% significance). However in 170% S.W. the osmo-concentra- 
tions of blood and urine are virtually identical. It may be concluded that the 
antennary glands can play only a very minor part in hyper-osmotic regulation and 
no part at all in hypo-osmotic regulation. 

The potassium concentration in blood from crabs in 100% S.W. is higher and 
in 50% S.W. is much higher than the potassium in the medium. The urine 
potassium concentration slightly exceeds that in the blood in crabs from 50% S.W. 
but this difference is not significant (10% level) and there is no difference in 100% 
S.W. and 170% S.W. It appears, therefore, that the antennary glands do not 
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function in regulation of potassium but rather that urine potassium reflects blood 












levels. 

Sodium in blood is more concentrated than in the medium when the animal 
is in 50% S.W. but the difference is less than for osmo-concentration; in other 
concentrations of sea water the blood sodium does not differ significantly from 
the medium. Hence osmotic regulation is determined mainly by other than 


POTASSIUM | 


OSMOTIC CONCENTRATION tr) 
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SO 100 iso 200 50 100 150 200 
% SEA WATER 
Figure 1. Average data for concentrations of calcium, potassium, sodium, serum, urine 


and external medium in m mols per liter and for osmotic concentration in equivalent normality 
of NaCl. U/S gives urine/serum ratios. Number of crabs tested in each concentration of sea 
water is given in Tables I and IV. 
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Sodium, potassium, and osmotic concentrations in blood and urine 


of crabs from 50%, 


100%, and 170% S.W. 














50% S.W 100% S.W. 170% S.W. 

Ave. SI aa | Avg SI an Avg. S.I = 
Sodium 
(mM/1) Serum 313 +12.0 18 | 465 +11.2 30 | 668 +12.0 31 
(mM/1) Urine 356 «= 417.3 17 |318 +16.7 27 |264 +19.2 | 29 
U/S ratios 1.2 + 0.1 17 0.7 + 0.04 26 0.394 0.024; 29 
Potassium 
(mM/1) Serum 8.4 + 0.78 13 12.1 + 0.65 30 17.4 + 0.66 31 
(mM/1) Urine 10.6 + 0.94 13 11.2 + 0.59 28 17.2 + 0.77 31 
U/S ratios 1.29+ 0.09 13 0.94+ 0.05 27 1.00+ 0.04 31 
Osmotic concentration 
(equiv. N NaCl) Blood 0.46+ 0.026; 18 0.574 0.013} 2 0.89+ 0.023; 30 
(equiv. N NaCl) Urine 0.39+ 0.031} 19 0.534 0.013); 235 0.90+ 0.02 | 29 
U/B ratios 0.93+ 0.03 2 1.00+ 0.01 | 29 


sodium ions. 
(significant only at 5% level) in 50% 
in 100% 


0.85+ 0.04 | 18 


S.W. and much lower when in 170% 


S.W. 


However the sodium concentration in urine is higher than in serum 
S.W., is lower in urine than in blood when 
Thus the sodium concen- 


tration in urine decreases, while in blood it increases with increasing environmental 


concentration. 


TABLE I] 


Statistical significance of analyses 


\. Test of concentrations in blood as compared with medium. 


50% S.W. 


Bloc dd 


15% limits S.W. 
Osmotic conc 0.41-0.51 29 
(equiv. N NaCl) 
Na (mM/1) 288-338 229 
K (mM/1) 6.7-10.1 4.9 


B. Test of blood < 
50% S.W. 


oignincance 


P<en 


Osmotic cone 1.68 
Na 2.05 P = .05 
K 1.80 P > @&i 


100% S.W. 

| 
eae S.W 
95% limits 
.54-.60 58 
435-495 459 
10.8-13.4 9.8 


und urine differences. 


100% S.W. 


Significance 


7 P ~ 03 


Zoe 
1.3 P < 01 
1.02 not sig. 


Blood 
95% limits 


.84-.94 


639-697 
16.1-—18.7 


170% 


— ~3 Ww 
tw 


vo 





S.W. 
S.W. 
99 
780 
16.7 
S.W. 


»ignihcance 


not sig. 
P< 8 


not sig. 
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rasBLe III 









lverages of analyses of blood and urine from crabs 
in artificial sea water (average of 3 crabs each) 
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Since urinary sodium decreases while urine osmo-concentration and_ blood 
osmo- and sodium concentrations increase, some other important solute must be 
replacing the sodium in the urine. Magnesium is the next most abundant cation 
in sea water. To test its possible role an experiment was conducted with crabs in 
artificial sea water, 100% and 170%, made up with and without MgSO,. Sodium 
chloride was added to compensate osmotically in the MgSQO,-free sea water. 
Three crabs were acclimated in each concentration of each mixture. Results as 
given in Table III indicate that the sodium concentration in the urine decreased 
at the change from 100% to 170% artificial sea water as in normal sea water, 
but that in the absence of MgSO, the urine Na increased when the tonicity of 
the medium was increased. Also the urine sodium was higher in the MgSO,- 
free 100% artificial S.W. than in the 100% normal S.W. It is concluded that 
the urine/serum ratio for sodium is reduced when Mg and SOQ, are present; that 
is, Magnesium seems to suppress the urinary excretion of sodium. 





















In two series of experiments determinations of magnesium and calcium were 
also made. The data for Na, K and osmotic concentration in these animals have 


TABLE I\ 


Summary of Mg and Ca analyses 


50% S.W. 100% S.W. 170% S.W. 
mM/l1 S.E, No mM/1 S.E. No. mM/1 S.E No 
Mg serum 8.9 +.73 3 29.2 +.93 4 33.1 +.59 4 
urine 32.1 2 143.6 +21.2 5 324.6 +.43 6 
U/S +.0 2 6.1 +.86 3 7.8 +.47 } 
Sea water 26.0 52.0 88.5 
Ca serum 8.6 +.5 3 11.4 +.60 4 12.3 +1.1 $ 
urine 8.4 +.34 3 12.0 +.56 6 18.6 +2.2 6 
U/S 0.97 +.02 3 1.01+.04 } 1.36+0.2 4 
Sea water 5.0 10.0 17.0 
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been included in Table I, and the data for Mg and Ca are summarized in Table IV 
and Figure 1,a ande. The calcium level in both serum and urine increased as the 
total concentration of the medium increased. In fact, calcium appears to follow 
the pattern of potassium. 

Serum magnesium increased proportionately more than any other constituent 
measured, nearly four-fold in going from 50% to 170% S.W. and the urine mag- 
nesium increased by nearly eight times. Thus as urine sodium decreases, urine 


magnesium increases. 


DISCUSSION 


The preceding results confirm previous investigations in indicating differences 
in degree of regulation of different blood components. For a 50% dilution of 
sea water the per cent change in the measured components of blood in order of 
decreasing regulation is: osmotic concentration 19, calcium 25, potassium 31, 
sodium 33, magnesium 70. For a 70% increase in concentration of the medium 
the per cent change, also in order of decreasing regulation, is: calcium 7.9, mag- 
nesium 13, potassium 44, sodium 44 and osmotic concentration 56. The values 
for Mg and Ca are based on fewer measurements than the others but it is evident 
that each component is regulated to a different degree and in a different order 
for dilution than for concentration. Hyper-osmotic regulation is not the converse 
of hypo-osmotic regulation. These observations, in general, agree with and extend 
those of Jones (1941), Robertson (1953) and Gross (1952). 

The role of the antennary glands is indicated by urine/serum ratios in Tables 
[and IV. Deviation of the U/S ratio from unity is a measure of effectiveness of 
the antennary glands in regulation. In 100% S.W. this deviation is significant 
to better than the 1% level for sodium and magnesium; it is of borderline sig- 
nificance for potassium and osmotic concentration and insignificant for calcium. 
In 50% S.W. the U/S ratio deviates from unity significantly for magnesium, 
sodium and potassium, questionably for osmotic concentration. In 170% S.W 
only sodium and magnesium show U/S ratios significantly different from unity. 
It may be concluded that the antennary glands function in eliminating magnesium 
at all levels and that they tend to retain sodium and potassium in a dilute medium. 
In 170% S.W. the sodium concentration is similar in the medium, in the serum 
and in the urine, hence no active excretion might be demanded. However, since 
the blood is hypotonic to the medium and urinary magnesium is greatly increased, 
some influx of salts must occur and extra-renal excretion of sodium is likely. In 
hypo-osmotic marine teleosts magnesium and calcium are excreted renally., sodium 
and potassium extra-renally (Smith, 1930), whereas in Pachygrapsus urinary po- 
tassium increases along with magnesium and thus separates from the route taken 
by sodium. 

Most unexpected is the decrease in urine sodium as the total urine con- 
centration increases. The experiments with artificial sea water and the direct 
analyses indicate that the preferential route of Mg excretion is renal and that 
excretion of Mg interferes with the excretion of Na by the antennary glands. 
Thus Pachygrapsus differs from Leander (Parry, 1954) where urine mag- 
nesium increases more with total concentration thar’ sodium but the sodium 
does not decrease. It would be of interest to learn whether the inverse re- 
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lation of sodium and magnesium results from competitive interference in an 
enzyme system or from some other type of blocking of the sodium transport system 
by magnesium. Calculations indicate that magnesium salts are not totally ade- 
quate to account for the osmotic deficit in the urine as sodium decreases. For 
example, if it be assumed that each of the cations is excreted with chloride, the 
isotonic coefficients in the range of urine concentrations are 1.82 for NaCl, 1.9 for 
KCI and 2.6 for the divalent salts (from Internat. Crit. Tables). The computed 
total milliosmolar concentrations due to salts in urine are in 50% S.W. 766 com- 
pared with 704 measured, in 100% S.W. 997 compared with 955 measured, and in 
170% S.W. 1398 compared with 1615 measured. If it is assumed that magnesium 
and calcium are excreted with sulphate, the isotonic coefficients of these salts are 
1.2 and the calculated total osmotic concentrations due to the salts in the urine 
are 719, 789 and 927 milliosmoles in the three sea water concentrations. Hence 
some unknown solute must be present in quantity in the concentrated urines. In 
any case, complex secretory activity, both renal and extra-renal, is indicated for 
osmotic and ionic regulation in Pachygrapsus. 


SUMMARY 


1. When specimens of Pachygrapsus crassipes were acclimated to 50%, 100% 
and 170% sea water the average blood osmotic concentrations were equivalent to 
0.46, 0.57 and 0.89 normal NaCl, as compared with the medium of 0.29, 0.58 and 
0.99, respectively. Urine osmotic concentrations in the same series were equivalent 
to 0.39, 0.53 and 0.90 normal NaCl. 

2. Thus the crabs are hyper-osmotic in a dilute medium and hypo-osmotic in a 
concentrated medium ; the antennary glands may function slightly in hyper-osmotic 
regulation but not at all in hypo-osmotic regulation. 

3. Serum sodium concentrations in 50, 100 and 170% S.W. were 313, 465 and 
668 mM, urine sodium 356, 318 and 264 mM corresponding to environmental con- 
centrations of 229,459 and 780 mM. Thus as the blood sodium increases the urine 
sodium decreases. 

4. The osmotic deficit in the urine is accounted for in part by magnesium which 
in 50, 100 and 170% S.W. was in blood 9, 29 and 33 mM, in urine 32, 144 and 345 
mM while the medium was 26, 52 and 88 mM, respectively. 

5. In artificial sea water urinary sodium decreased at high external salinity but 
in the absence of MgSO,, the urinary sodium increased. 

6. Active outward transport of magnesium by the antennary glands in some 
way reduces the excretion of sodium. 

7. Potassium in blood is well regulated in dilute medium, less well in more 
concentrated sea water. Calcium in blood is more concentrated than in the dilute 
medium, less concentrated than in the higher salinity medium. 
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THE EFFECT OF ROENTGEN RAYS ON THE COLLOIDAL 
PROPERTIES OF THE STARFISH EGG 


PETER RIESER! 
‘oological Laboratory, University of Pennsylvania, Philadelphia, Pa., and the 
Varine Biological Laboratory, Woods Hole, Mass. 


In order to determine how protoplasm is affected by irradiation, ordinary 
methods of microscopic examination are insufficient. For marked changes in the 
protoplasmic colloid, changes which might even involve death of a cell, are 
usually not reflected in the microscopic appearance of dead, fixed, or even of 
unfixed cells. Similarly, cytochemical methods usually fail to give evidence of 
alterations in the colloidal organization of the cell. In order to understand how 
roentgen rays affect living matter one must take into account the fact that pro 
toplasm is a living colloid and determine how irradiation affects this colloid. 

Wilson (1950) discovered viscosity changes in the irradiated Arbacia egg 
during mitosis. He was, however, unable to detect such effects in the unfertilized 
Arbacia and Chaetopterus egg. These negative results were confirmed (Rieser, 
unpublished data) even with much higher irradiation doses (200,000 r) than 
those used by Wilson. One might suppose that colloidal changes nevertheless 
do occur in the unfertilized egg following irradiation but that they do not becom« 
manifest until the egg is in its mitotic cycle or is physiologically active in some 
other way. This view is in agreement with the common belief that living matter 
is more highly radio-sensitive while undergoing some physiological change than 
when it is relatively inactive. With these views in mind experiments were per 
formed, and are here reported, to elucidate the effects of roentgen rays on the 
unfertilized starfish egg. 


MATERIALS AND METHODS 


Eggs from the starfish Asterias forbesii were obtained by removing the ovaries 
from ripe females and placing them in finger bowls containing sea water. The 
loose eggs were strained through a double layer of cheesecloth in order to remove 
all debris and placed in sea water-containing stender dishes in a constant-tempera- 
ture water bath at 23° C 

Egg suspensions were irradiated in plastic dishes immediately after obtaining 
the eggs. The characteristics of radiation were 180 k.v.; 25 m.a.; 6000 roentgens 
per minute; target distance 9.5 cm.; equivalent inherent filtration equal to 0.2 
mm. of copper. Two opposed, parallel, self-rectifying tubes were used simul 
taneously 


Protoplasmic viscosity determinations were made with the centrifuge method 


1 
Only those eggs whose germinal vesicles had broken down were used. Eggs in 


1 This investigation was aided by a grant from the U. S. Atomic Energy Commission, 
administered by L. V. Heilbrunn 
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sea water were placed in glass centrifuge tubes containing a pycnotic cushion of 
0.73 M sucrose which was separated from the egg suspension by an air space. An 
Emerson electric centrifuge was operated at top speed (14,200 r.p.m.), developing 
a force of 22,600 times gravity at this speed. In each experiment eggs were 
subjected to this centrifugal force for increasing periods of time, from 5 seconds 
upward. At each centrifugation time a different aliquot of the same egg sus- 
pension was tested. In each aliquot 50 eggs were examined and the percentage 
of cells with hyaline zones was noted. In some of the experiments the number 
of eggs with fat caps was determined. <A study was also made to determine if 
roentgen radiation alters the colloidal properties of the nucleoplasm. [Eggs in the 
germinal vesicle stage were used. Measurements of nuclear viscosity were made 
with the falling nucleolus method (Harding, 1949). Eggs were arranged on the 
stage of a horizontal microscope, and the time required for the nucleolus to fall 
through the entire diameter of the nucleus was measured. This was usually re- 
peated ten times with each egg. The author wishes to thank Dr. Clifford V. 
Harding for suggesting the experiments on the nucleus and for his advice and 
criticism of this part of the work. 


RESULTS 


The results of the effect of roentgen rays on the relative protoplasmic viscosity 
and on the appearance of fat caps in unfertilized starfish eggs are presented in 
Tables I and II. Six experiments were performed using 50,000 r (Table I) and 
five experiments with 100,000 r (Table II). In general a far greater percentage 
of unirradiated eggs possess hyaline zones after centrifugation than do the ir- 
radiated eggs. This holds true over the whole range of centrifugation times em- 
ployed and is particularly noticeable below 60 seconds, with both irradiation doses 
(50,000 r, Table I and 100,000 r, Table II). Thus, x-rays markedly increase the 
protoplasmic viscosity of the unfertilized starfish egg. The effect, however, is no 
more pronounced with the higher dose of x-rays. Both tables also show that 


TABLE | 


The effect of roentgen rays (50,000 r) on protoplasmic 
viscosity and fat release in the starfish egg 


Time of centri Controls, aver.% Irradiated, aver Controls, aver. Irradiated, aver. 
fugation, sec hyaline zones © hyaline zones % fat caps % fat caps 
5 2 0 
10 1 0 
15 2 0 
20 3 0 
25 $ 1 
30 2 1 
35 10 0 
60 17 13 
90 28 15 40 60 
120 17 15 51 17 
150 31 12 41 49 


18 


PETER RIESER 


raBLe II 


The effect of roentgen rays (100,000 r) on protoplasmu 
viscosity and fat release in the starfish egg 


Time of centir Controls, aver.‘ Irradiated, aver Controls, aver Irraidated, aver 
fugation, sec hyaline zones > hyaline zones > fat caps fat caps 


5 } : 15 
10 14 
15 
20 
5 
30 
15 
60 
90 

120 


there is a somewhat greater number of eggs showing fat caps after centrifugation 
in the irradiated eggs than in the non-irradiated controls. More striking is the 
relatively far greater proportion of irradiated eggs with fat caps despite the higher 
protoplasmic viscosity of the latter (and consequently a decreased tendency to- 
ward centrifugal displacement of intracellular components in these eggs). The 
ability of x-rays to increase the percentage of eggs with fat caps therefore demon- 
strates an intracellular release of lipid materials. In addition to viscosity changes 
and fat release two further effects of irradiation were noted following centrifuga- 


raBLe III 


The effect of roentgen rays on time of fall of nucleolus 
and the thixotropy of the nuclear colloid 


Aver. of times for sub | Ratio initial time to aver 


a 
Time for initial fall, sec equent falls, sec. of subsequent times 


187 171 

210 187 

200 168 

210 181 

211 167 

212 178 

152 150 

150 145 

174 162 

184 178 

50,000 160 111 
157 133 

166 142 

100,000 240 148 
216 167 

170 185 

149 131 

210 132 

200,000 160 144 
160 


.094 
ag3 
.190 
.160 
.263 
-191 
013 
.035 
.080 
.033 
441 
.180 
.169 
623 
.293 
.919 
.137 
.599 
111 
.169 
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tion. In unirradiated eggs exposed to prolonged centrifugation there is always a 
number of cells that become destroyed. In such cells, the membrane separates 
from the cytoplasm, giving the appearance of a so-called “ghost” membrane similar 
to that of the mammalian erythrocyte. Irradiation tends to prevent this “ghost” 
formation. Thus, for example, using 50,000 r and centrifuging for 150 seconds, 
8% of the unirradiated controls were ghosts, as compared with 0% ghosts in the 
irradiated eggs. Irradiation was found also to prolong the centrifugation time 
required to produce shape changes (1.¢., elongation) of the eggs. Table III con- 
tains the data pertaining to the effects of x-rays on the nuclear colloid. In the 
second column, the time of initial fall of the nucleolus through the germinal vesicle 
is a measure of viscosity (since the temperature was constant, viscosity is pro- 
portional to time). Since there was too much variability of the time of fall of the 
nucleolus among individual eggs, a comparison of the nuclear viscosity in the con- 
trol and irradiated eggs cannot be made. The last column in Table III gives the 
ratio of the initial time of fall of the nucleolus to the average of subsequent falls 
and is therefore an index of thixotropy of the nuclear colloid. Application of 
the t-test to the means of these ratios reveals that there exists no significant dif- 
ference in nuclear thixotropy between the control and irradiated eggs. 


DISCUSSION 


A fundamental question arises through the finding that x-rays alter the proto- 
plasmic viscosity of the unfertilized Asterias egg but not that of the unfertilized 
Arbacia or Chaetopterus egg. How may one account for this difference in 
colloidal behavior? The answer may be found if one examines the modes of 
maturation in each case. The stage of maturation, and particularly the time 
course in which it is attained in the starfish egg, as compared with the other two 
cases, appears to be of decisive importance in determining the radiosensitivity of 
the protoplasmic colloid. The Arbacia egg, when shed into sea water, is fully 
matured, both polar bodies having been formed within the ovary. In the 
Chaetopterus egg, maturation begins upon its removal from the ovary into sea 
water, progresses to the metaphase of the first maturation division and ceases. 
This stage is reached within 15 minutes after the eggs are placed into sea water. 
In the Asterias egg, however, according to Tennent and Hogue (1906), the first 
maturation division is not completed until 70 minutes, and the second division 
not until after 105 minutes, after its removal from the ovary. Since the pro- 
cedures of washing the eggs, preparing them for irradiation, and the irradiation 
itself generally took at least an hour, usually more, the starfish eggs actually were 
in the process of maturation during the x-ray treatment, while the eggs of the 
other two species were not. Thus, during the time the x-rays acted on the star- 
fish egg, the latter was undergoing a physiological process, that of maturation. 
This is in accordance with the belief that protoplasm is more highly radiosensitive 
when in a state of activity. As in the Arbacia egg during mitotic division where 
irradiation prolongs the mitotic gelation, so does the starfish egg show an increased 
protoplasmic viscosity following its maturation divisions. The direction of the 
viscosity change in the irradiated starfish egg, that of increase, is the same as that 
observed by Wilson (1950) in the irradiated Arbacia egg during mitosis. Im the 
latter case, the viscosity of the treated egg remains high for a period of about two 
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or three times that of the controls. Wilson postulates that the effect of irradia- 
tion is an alteration or destruction of heparin within the egg, thus favoring pro- 
longed gelation. He cites literature in support of this belief. His hypothesis might 
also be advanced in the case of the unfertilized, irradiated starfish egg. 

The increase, especially seen as a relative increase, of fat caps following ir- 
radiation, is not surprising in view of previous studies where irradiation is known 
to increase the number and size of fat droplets in cells (Nadson and Stern, 1931), 
and in view also of the lipemia in mammalian blood following total-body irradia- 
tion. The effect may be due to a breakdown of protoplasmic protein-lipid com- 


plexes into proteins and lipids. 
The tendency of irradiated starfish eggs to resist centrifugation-induced shape 


bd 
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changes and membrane separation suggests that x-rays increase the cortical, or 
surface, rigidity of the eggs as they increase the viscosity of the interior protoplasm. 


SUMMARY 


1. Unfertilized eggs of the starfish, Asterias forbesii, were irradiated with single 
x-ray doses of 50,000 r and 100,000 r, respectively. 

2. Roentgen irradiation produces a marked increase in protoplasmic viscosity. 
\n explanation is given for the absence of colloidal changes following irradiation of 
eggs of two other species. 

3. Two further radiation effects are: intracellular release of fat, and increase 
in cortical, or surface, rigidity of the starfish eggs. 

4. Doses as high as 200,000 r fail to have a detectable influence on the nuclear 


colloid of the starfish egg 
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Warburg, in 1908, found an increase in oxygen consumption after fertilization 
in the sea urchin egg. This seemed to support Loeb’s theory (1906) of increased 
oxidative activities in connection with fertilization and development. Other work- 
ers subsequently found that eggs from other invertebrate animal groups showed 
no change at fertilization or even a decrease. It was eventually postulated that 
the change in oxygen consumption might be correlated with the stage of nuclear 
maturation at which fertilization occurs. 

Whitaker (1933) removed the emphasis from oxidation as a determining 
mechanism in fertilization and, instead, posed the problem as one of understanding 
the differences in the metabolism of unfertilized and fertilized eggs. He found 
that unfertilized eggs of different species consume oxygen at very different rates, 
but that fertilization brings these rates closer together. Fertilization, therefore, 
seems to regulate the metabolism of the unfertilized egg to a level characterized 
by the more uniform needs of the developing organism. 

Recently, Borei (1949) found that the change in oxygen consumption of sea 
urchin eggs at fertilization depends on the time after shedding at which fertiliza- 
tion occurs. The rate of the unfertilized egg gradually decreases, but the rate of 
the just-fertilized egg attains the same value regardless of the time elapsed between 
shedding and fertilization. 

Biochemical studies on the nature and activity of the respiratory enzymes were 
conducted by many investigators, and especially by Runnstrom and his group. 
Runnstrom (1928a, 1928b, 1930) hypothesizes that colloidal rearrangements in the 
protoplasm, which are brought about by fertilization, change the spatial arrange- 
ment of the enzymes causing a change in the respiratory rate. Many protoplasmic 
changes in the egg have been observed in connection with fertilization (Runn- 
strom, 1949). Heilbrunn (1915, 1917, 1952) also connected changes in viscosity 
and other properties of the protoplasm, brought about by the calcium ion, to the 
events at fertilization. 

Preliminary experiments with the egg of the surf clam, Spisula solidissima 
(Dillwyn), indicated that a decrease in oxygen consumption occurs after fertiliza- 
tion. It was thought that an examination of eggs from another animal group 
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might help to determine which of the established respiratory properties of the 
sea urchin egg can be considered to represent general properties of an egg cell at 
fertilization, and which are merely special adaptations of the sea urchin group. 
Further measurements were made during the early development of the embryo. 


MATERIALS AND METHODS 


The surf clam, Spisula solidissima (Dillwyn), was obtained at the Marine 
iological Laboratory at Woods Hole. The spawning season starts in the early 
part of June and lasts until late September. Fertilization of the eggs takes place 
externally and before the meiotic divisions have started. The first four cleavages 
are well synchronized and the embryos are swimming blastulae after 5% hours 
at 21° C. 

Eggs and sperm were obtained and handled according to the methods described 
by Allen (1951). Testes can be stored at 5° C. up to three days without impairing 
the fertilizing ability of the sperms. Washed eggs kept at 18° C. can be fertilized 
up to ten hours after removal from the ovary. 


A B. 


HOLTER'S MEDIUM-————— Z—-HOLTER'S MEDIUM 


PARAFFIN OIL, 0.5 pL.—— —— PARAFFIN OIL, OS pl 


NaOH et — EGG SUSPENSION, 0.7 pL 
—. _ JSi— SPERM SUSPENSION, 01 yt 
( OR ACID 


\=7—-naon, 0.5 pt 


Figure 1. Cartesian diver charges. A. Loaded for O, uptake (or CO, output) measurements. 
B. Loaded for measurements during the course of which sperms or other substances are added. 


EGG SUSPENSION, 08 a.— 


The Cartesian diver respirometer was used in order to minimize crowding, 
to avoid damaging the eggs by shaking and to keep the cell number low in order 
to facilitate accurate cell counts. For measuring techniques see Linderstrém- 
Lang (1943), Holter (1943) and Borei (1948). 

An egg suspension of 0.8 pl. was placed in the bulb of the diver. The first neck 
seal contained 0.5 pl. isotonic (0.47 M) NaOH, the second 0.5 ul. paraffin oil 
(Fig. 1). The control diver contained only sea water in addition to the seals. 
In order to facilitate loading and measurements and to avoid mechanical damage 
to the eggs by surface tension phenomena, the interior of the diver was coated with 
a hydrophobic layer of silicone. Either phenylsilicone (9989-1) or Dri-film 
(9987), manufactured by the General Electric Company, was used (Schwartz, 


1949). 


After measurements were completed, the eggs were removed from the respiro- 
meter and examined. Unfertilized eggs were tested for their fertilizability. The 
development of fertilized eggs was compared with that of control eggs kept in 
dishes in the respirometer water bath. Only those experiments were accepted 
in which unfertilized eggs showed over 95% fertilizability or fertilized eggs over 
95% normal development. 
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The rate of development increases linearly between 18-23° C. At higher 
temperatures the rate of increase falls off. In order to secure a high respiratory 
rate, but at the same time not to operate too near the range of abnormal develop- 
ment, 21° C. was chosen for the experiments. The rate of development was de- 
termined by counting the number of nuclei and following their increase in number 
with time. Sections were made in order to study other embryological changes 
occurring. 

For nuclear counts, the method described by Zeuthen (1951) for Ciona eggs 
was found much superior to whole mounts of fixed and Feulgen-stained eggs. 
Zeuthen’s method consists of a careful and gradual compression of the eggs under 
a cover slip by withdrawing the suspension medium with tissue. The compression 
prevents further cleavage. Under the phase contrast microscope, the nuclei appear 
to be bright blue and are easily counted. 

Sectioned material (10 ») was obtained from eggs fixed in Zenker-formol, 
stained with toluidine blue and imbedded in paraffin. 


RESULTS 
Morphological changes during development 


The morphology of the shed Spisula egg and its changes upon fertilization have 
been described by Allen (1953), who followed the events up to 100 minutes after 
fertilization. The present study corroborates his findings and extends the ob- 
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Figure 2. Development at 21° C. of Spisula eggs up to 330 minutes after fertilization. 


The width of the bands indicates the variation in time found for some of the respective events. 
The center of the band coincides with the time at which 50% of the embryos have completed 
the denoted event. 
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servations to 330 minutes after fertilization. Both studies were made at 21° C. 
The entire sequence is presented in Figures 2 and 3, in which the morphological 
events are related to time after fertilization. These eggs develop very synchron- 
ously up to the end of the second cleavage. It takes only two to three minutes for 
all of the embryos to complete a particular phase during this period. Thereafter, 
the synchrony between the individual cells in an embryo is less strict, but the 
embryos as a group continue to behave very synchronously. 
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Figure 3. The increase in the number of nuclei during the early development of Spisula 
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Oxygen uptake 


The oxygen consumption rate of 34 batches of unfertilized eggs was measured 
for periods up to eight hours after removal of the eggs from the ovary. Average 
values for %-hour intervals are given in Figure 4. If the curve, which is drawn 
according to the method of least squares, is interpolated back to zero time, the 
eggs have a mean rate of 3.8 x 10° ul. O. X egg"' x hour"' immediately upon 
shedding. After eight hours, the rate has dropped to 3.0 x 10°° yl. and the Stu- 
dent’s t-test shows the drop to be highly significant (P < .001). The deviations 
in the earlier part of the curve are probably associated with differences in time 
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elapsed between the removal of the eggs from the ovary and the loading of the 
diver. This time varied from 0.5—2.5 hours. 

The oxygen consumption during early development up to the swimming blastula 
stage was measured on 25 batches of eggs. Difficulties were encountered in meas- 
uring the rate just after fertilization. Unsuccessful attempts were made to fertilize 
the eggs inside the diver. According to Metz and Donovan (1949), the fertilizin 
secretion of these eggs is of a very high order. Fertilizin is known to inhibit 
fertilization and, since the eggs for technical reasons have to rest in the diver for 
times up to one hour prior to fertilization, its secretion may thus have prevented 
the fertilization process. The fertilization, therefore, had to be performed before 
the eggs were loaded into the diver. 
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Ficure 4. Rate of oxygen uptake at 21° C. of unfertilized Sptsula eggs Average values from 
34 experiments. ¢-values given for scattering. 


Figure 5 shows the average values for ')-hour intervals after fertilization. Ex- 
trapolating back to 44-hour after fertilization gives a value of 3.0 x 10°° wl. O, x 


egg! x hour. A gradual increase is shown throughout the early cleavage stages 
up to the swimming blastula stage. The deviations in the early part of the curve 


may be due, as in the case of the unfertilized eggs, to the technical prehistory of 
the eggs and consequently to the different times at which measurements were be- 
gun. In most cases, loading was carried out immediately after fertilization and 
measurements begun after about 44-hour of equilibration. In some cases, how- 
ever, loading was carried out after the first or second cleavage had taken place. 
The scattering recorded in Figure 5 is for the most part due to differences in rate 
between individual batches of eggs (biological scattering), rather than to spread 
between the points in each individual series of measurements. 

The time at which eggs are fertilized after their removal from the ovary does 
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not affect the post-fertilization rate. The rates at 60 minutes after fertilization 
were plotted against the time after removal at which fertilization was performed, 
and a straight line was fitted to the values using the method of least squares. The 
t-test showed the slope of the line to be insignificant (0.40 << P < 0.45). 


Carbon dioxide output and respiratory quotient 
The average of 11 experiments on the carbon dioxide output of unfertilized 


eggs gives the value 2.41 x 10°° wl. CO, X egg? hour" for the time 200 minutes 
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Ficure 5. Rate of oxygen uptake at 21° C. of fertilized Spisula eggs. Average values from 


25 experiments. ¢-values given for scattering. 


after removal from the ovary. The o-value is 0.42. The R.Q. before fertiliza- 
tion is thus apparently much less than unity, probably in the vicinity of 0.7. It 
must be kept in mind that CO, measurements with the diver technique are in- 
herently less accurate than O, uptake measurements. The reasons for this are 
two-fold: 1) leakage of CO, from the inside of the diver through the neck seals 
into the outside medium, and 2) errors introduced by the CO, retention properties 
of the eggs and sea water. Leakage through the seals was minimized in the 
experiments by use of an acid oil seal. Experiments on the retention properties 
indicate that the amount of CO, bound was not substantially changed during the 
time course of an experiment. 
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Nine runs on the CO, output after fertilization indicated that there is no per- 
ceptible change in the R.Q. value immediately after fertilization, but that later on 
a gradual increase toward unity seems to occur. The measurements comprise the 
time between fertilization and the swimming blastula stage. 


DISCUSSION 


A decrease in oxygen consumption rate of unfertilized eggs with time after 
removal from the ovary has been found by Holter and Zeuthen (1944) in Ciona, 
Zeuthen (1946) in Rana and Borei (1948) in Psammechinus and Asterias. In 
these cases, a constant rate was reached two to three hours after removal. In 
Spisula, the oxygen consumption rate of the unfertilized egg continues to decrease 
linearly for as long as eight hours after removal from the ovary. All of the 
above cited measurements were carried out with the Cartesian diver. No decrease 
in rate was found by Cleland (1950) in Ostrea commercialis, the rock oyster. 
Cleland employed the Warburg technique. It may be that the differences in tech- 
nique could account for the differences in observations. However, unpublished 
data of Borei on sea urchins and of the author on Spisula indicate that Warburg 
and Cartesian diver measurements give similar results. 

Cleland (1950) found no effect of fertilization on the oxygen consumption rate 
of Ostrea commercialis. Ballentine (1940), however, found a rise in respiratory 
rate at fertilization in the egg of Ostrea virginica. A large increase was also found 
by Ballentine (1940) in Mactra lateralis. In neither case did the latter author ac- 
count for the time after removal of the eggs from the ovary at which fertilization 
took place. It is reasonable to assume, however, that one to four hours may have 
elapsed. The ratio in Mactra of the rates of fertilized eggs to unfertilized eggs is 
1.8. Such a large value must indicate an increase in rate at fertilization over a 
long time span after shedding. Mactra and Spisula are very similar forms and 
have in common, among other things, the fact that the eggs are shed and fertilized 
in the germinal vesicle stage. In the oyster, however, the eggs proceed to the 
first maturation metaphase before they are fertilized. In the case of Mactra there 
is undoubtedly a rise in the respiratory rate at fertilization; in Spisula, there is a 
drop in rate at fertilization up to eight hours after shedding. The ratio obtained 
by Ballentine (1940) in Ostrea virginicia of 1.4 also indicates an increase in rate at 
fertilization. 

Various workers (Shapiro, 1941; Tyler and Humason, 1937) have reported in- 
consistent results as to the direction and magnitude of the change in rate at fer- 
tilization in eggs of the same species and have ascribed this inconsistency to dif- 
ferences in individual batches of eggs. It is possible, however, that some of these 
differences could have been explained if the time of fertilization after removal 
of the eggs from the ovary had been taken into account. Recently Cleland (1950) 
tried to relate these differences to the kinetic state of the egg nucleus at the time of 
fertilization. This does not account, however, for the different behavior found in 
the two oyster species, Ostrea virginica (Ballentine, 1940) and Ostrea com- 
mercialis (Cleland, 1950) and in the two closely related molluses, Mactra lateralis 
(Ballentine, 1940) and Spisula solidissima. The stage of meiosis at which the 
egg is normally fertilizable is probably not as important as the fact that both 
germinal vesicle breakdown and sperm entrance induce colloidal changes in the 
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egg. (Cf. review by Runnstrom, 1949.) It is well known that colloidal changes 
have a paramount importance for the activity of the cytochrome system (Keilin 
and Hartree, 1949; Borei, 1950, 1951). 

The independence of post-fertilization respiration from the level before fer- 
tilization which was found by Borei (1949) to exist in Psammechinus was found 
to be the case in Spisula also. The mean rate at thirty minutes after fertilization 
is 3.0 x 10° yl. O, X egg x hour. It was previously shown that the mean 
rate of the unfertilized egg varies from 3.8 X 10° pl. O, x egg' X hour" upon 
shedding to 3.0 x 10° wl. O, eight hours later. If the eggs are fertilized im- 
mediately after shedding or soon thereafter, there is a drop in the oxygen con- 
sumption rate within thirty minutes after fertilization. The longer the time interval 
between shedding and fertilization, the less is the drop in rate. After eight hours, 
there is no change in rate at fertilization. It might thus be that if the eggs stood 
for even longer periods of time than eight hours before being fertilized, there might 
be an increase in rate at fertilization. This range of possibilities was encountered 
in other material by Tyler and Humason (1937) as mentioned previously. 

The rate of oxygen consumption of Spisula eggs during development follows 
the general pattern of other forms which have been studied. A gradual increase 
is observed ( Fig. >}. 

The carbon dioxide output measurements indicate certain conclusions as to 
changes in R.Q. during the development of the egg. These conclusions are im 
accordance with previous findings on echinoderm eggs and others. (For a review 
see Brachet, 1950.) Recently, Borei (unpublished) found in Lytechinus pictus 
that the R.Q. immediately after fertilization has a value of 0.7 or even lower, but 


that during the course of early development a gradual increase toward unity takes 
place. The findings in Spisu/a point in the same direction. It might thus be 
permissible to conclude that the egg immediately after fertilization draws on fat 
reserves, but gradually switches to carbohydrates later on. Analyses of the fat 


components of the embryo during different stages (Haves, 1938; Hutchens, 1942; 
Ohman, 1944) also bear this out 

\ comparison of the sea urchin and the clam egg respirations might permit the 
following general conclusions to be drawn 

|. The pre-fertilization respiration of a marine egg is a quantity determined by 
internal substrate conditions, and subject to a variation in magnitude dependent 
on the time elapsed from shedding. 

2. On fertilization, however, more defined species-specific rates are predominant, 
i.e., rates connected with the morphogenetic work that has to be done by the 
developing embryo 

3. The pre- and post-fertilization respirations seem to be independent processes 
The prevailing rate of respiration before fertilization has no influence on the rate 
attained after fertilization 

4. The R.Q. results seem to validate the conclusion that different sources of 
substrate are utilized before and after fertilization. These conclusions may be 
considered to agree with a general concept that the egg before fertilization has to 
maintain only a physiological state making it ready and suitable for fertilization, 
whereas after fertilization new mechanisms come into play which have the sole 
purpose to provide for the morphological and functional development and differen- 
tiation 
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SUMMARY 


1. The early development of Spisula solidissima (Dillwyn) up to the swimming 
blastula stage is described. 

2. The oxygen consumption of the unfertilized egg decreases gradually after 
removal from the ovary. The mean rate immediately after shedding is 3.8 x 10° 
ul. O, X egg X hour; eight hours later the value is 3.0 x 10°°. 

3. There is a decrease in oxygen consumption rate within 30 minutes after 
fertilization. The magnitude of this decrease depends on the time which has 
elapsed between the eggs’ removal from the ovary and fertilization; the shorter the 
time, the larger the drop. 

4. The post-fertilization oxygen consumption rate is independent of the rate 
before fertilization. Thirty minutes after fertilization, it has a value of 3.0 x 10° 
pl. O, X egg? X hour. 

5. The oxygen consumption rate of the fertilized egg increases gradually during 
development. 

6. Carbon dioxide measurements indicate a respiratory quotient of 0.7 before 
fertilization. After fertilization, there is a gradual increase toward unity. 
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The breathing of insects has been an object of recurrent interest since the 
seventeenth century when Malpighi (1669) published his celebrated description of 
the tracheal system of Bombyx mori and correctly ascribed to it the function of 
respiration. Though other early investigators, including Lyonet, Réaumur, 
Bonnet, and Spallanzani, recognized that the spiracles were the sites where air 
made entrance into the tracheal tubes, they believed that expiration occurred else- 
where, through the mouth, or anus, or invisible pores in the skin (cf. Wigglesworth, 
1931). It was Treviranus (1816-20) who first suggested that the spiracles pro- 
vide the pathway for both inspiration and expiration—a view later amplified by 
the British physician, George Newport (1836). Newport was especially con- 
cerned with the respiration of lepidopterous pupae. Though apparently aware that 
breathing motions are indetectable in such pupae, he nevertheless supposed that 
the ventilation of the tracheae was due to active respiratory movements in which 
“nearly all the muscles and nerves of each segment are brought into consentaneous 
action as the muscles of the chest and ribs in vertebrated animals” (page 546). 

Thomas Graham in 1833, having just discovered his law of gaseous diffusion, 
expressed a view contrary to that of Newport and suggested that simple physical 
diffusion of gases through the tracheal system might suffice for the respiration 
of most insects. Nearly one hundred years elapsed before experimental proof of 
this hypothesis was forthcoming. Then in a series of ingenious experiments of a 
type for which he was justly famous, Krogh (1920) showed that simple diffusion 
of oxygen and carbon dioxide through the spiracles and tracheae could more than 
suffice for the respiration of insects lacking respiratory movements. The es- 
sential elements of Krogh’s theory have stood the test of time and have been most 
recently examined in detail by Thorpe and Crisp (1947). 

On the basis of this long evolution of present thought concerning the mechan- 
ism of insect respiration, there was no theoretical basis for anticipating a series 
of puzzling observations which we first encountered five years ago in measure- 
ments of the respiratory quotients of diapausing pupae of the Cecropia silkworm. 
The R.Q. in these studies was found to undergo large and recurrent fluctuations 
as a function of time, in that prolonged periods of very low quotients were punc- 
tuated by more transient periods of very high quotients. It soon became evident 
that the source of the variability was a discontinuous release of carbon dioxide from 


the insects’ tracheal system—a phenomenon which, we subsequently learned, had 


! This study was aided by a grant to C. M. Williams from the U. S. Public Health Service, 
by an Institutional grant to Harvard University from the American Cancer Society, and by 
the Sage and Sackett Funds of Cornell University. 
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already been described by Punt in 1944 and attributed to a corresponding rhythm 
in the opening of the spiracular valves. 

In the absence of measurements of oxygen uptake, Punt had apparently pre- 
sumed that the uptake of oxygen, like the output of carbon dioxide, was discon- 
tinuous and synchronized with the opening of the spiracular valves. Conse- 
quently, Punt’s work failed to reveal the true proportions of the respiratory paradox 
which became apparent only when the intake of oxygen was found to be continuous 
(Schneiderman, 1953; Schneiderman and Williams, 1953a, 1953b). This implies 
that during the period which separates the carbon dioxide “bursts,” the spiracles 
permit the steady entry of oxygen while opposing the steady exit of carbon dioxide 
—a finding which appeared to be inconsistent with any simple theory of the dif- 
fusional transport of respiratory gases via the spiracle. Consequently, the discon- 
tinuous release of carbon dioxide has been studied in detail during the past five 
years. The present report considers a series of experiments which clarify the 
nature of the discontinuous respiration and provide a factual basis for theoretical 
interpretation. 


MATERIALS AND METHODS 


1. Experimental animals 


The present investigation is based on approximately 1000 respiratory meas- 
urements performed on a total of 300 larvae, pupae, and developing adults of the 
giant silkworm, Platysamia cecropia. In occasional experiments pupae of other 
closely related saturniids were employed; namely, Samia walkeri, Antheraea 
mylitta, Telea polyphemous, and Actias luna. 


2. Manometric methods 


The respiratory exchange in most experiments was determined manometricall) 
according to techniques previously described (Schneiderman and Williams, 1953a). 
Measurements were performed by the “direct manometric method” (Umbreit et al., 
1949) in 45-cc. cylindrical vessels equipped with venting plugs and adaptors for 
use with standard Warburg manometers. In studies of oxygen uptake the carbon 
dioxide output was absorbed on two corrugated strips of filter paper, moistened 
with a total of 0.3 to 1 cc. of 1 N NaOH or KOH and placed above and below 
the animal. Determinations were performed over periods that averaged about 8 
hours, the excursion of the manometer being recorded at intervals of from 5 minutes 
to several hours as dictated by the rate of oxygen uptake. For the purpose of 
measuring carbon dioxide output, the filter paper was moistened with 0.3 to 1 cc. 
of 0.01 N HCI; manometer readings were then recorded over periods that averaged 
about 24 hours at intervals of from 2 to 30 minutes depending on the rate of carbon 
dioxide output. In experiments of long duration, the vessels were periodically 
removed from the bath, opened, and equilibrated with air for a few moments, to 
insure a constant gaseous environment. Although the metabolic rate of individual 
diapausing pupae is substantially constant over periods of at least a week, meas- 
urements of oxygen uptake and carbon dioxide output were ordinarily made 
within 12 hours of one another. 

In one series of experiments, the gas exchange was measured volumetrically 
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in a capillary respirometer. This and other special methods will be discussed in 
the appropriate sections. Each type of experiment, unless otherwise noted, was 
performed on a minimum of five animals. 


THE CycLeE oF CARBON DIOXIDE RELEASE 


Figure 1 illustrates a typical experiment descriptive of the cyclic release of 
carbon dioxide. Here the respiratory exchange of a Cecropia pupa was measured 
over two successive 18-hour intervals. During the first period of 18 hours, sodium 
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Ficure 1. The gas exchange of a Cecropia pupa over two successive 18-hour intervals. 
The upper curve (open circles) records measurements performed in the presence of alkali; 
for the lower curve (solid circles) the alkali was replaced by acid. An apparent decrease in 
the rate of oxygen uptake followed by a slight increase was usually recorded at intervals which 
corresponded with the time of the carbon dioxide bursts. This result is an artifact due to 
inability of the alkali to absorb the large burst of CO, as rapidly as it evolved. By employing 
a larger filter paper surface for CO, absorption, this artifact could be almost completely 
eliminated. 


hydroxide was placed in the vessel to absorb the carbon dioxide and thereby permit 
measurements of oxygen consumption; the alkali was then replaced by acid and 
the measurements repeated. As recorded in Figure 1, in the presence of alkali 
the gas volume of the respirometer decreased steadily during the entire 18-hour 
period, save for occasional extremely minor variations. But when acid was 
present to prevent the absorption of carbon dioxide, the gas volume exhibited 
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tremendous discontinuities. In the experiment plotted, a steady decrease in 
volume is evident until the sixth hour. There then occurs an abrupt increase 
in volume which evidently signals a rapid evolution of gas from the insect. 
Results of this type permit one to construct an over-all picture of the kinetics 
of oxygen uptake and carbon dioxide output, as shown in Figure 2. Here we see 
that the rate of carbon dioxide output over the 18-hour period was discontinuous, 
while the rate of oxygen uptake was apparently continuous. At approximately 
6-hour intervals the animal gave off a burst of carbon dioxide ; meanwhile, between 


700 


3 
2 
z 
e 
3 
ro 
Go 
° 
z 
a 
ae 
4 
& 
> 
S 
_— 
S 
ad 
q 
« 


HOURS 


Ficure 2. Rates of oxygen consumption and carbon dioxide output of a diapausing pupa 
over an 18-hour interval. The curve describing the carbon dioxide output was calculated from 
the data presented in Figure 1 by the “direct method” of Warburg. 


successive bursts only 5 per cent of the total carbon dioxide was released. The 
carbon dioxide output during the first 12 minutes of the burst was 280 times larger 
than during a corresponding period between bursts. In this particular pupa, 
which weighed 5 grams and displaced about 5 cc., the average burst volume was 
500 mm; i.e., a volume of carbon dioxide far exceeding the total volume of the 
insect’s tracheal system (see Discussion). 

Under constant experimental conditions, each individual repeats the recurrent 
cycle of carbon dioxide release day after day with only minor variations. But, 
among different individuals, considerable variations are encountered in the mag- 
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nitude and timing of the cycles. For any particular animal the quantitative aspects 
of the cycle can be resolved into four parameters: (1) the average rate of oxygen 
consumption or carbon dioxide output over the whole cycle (i.¢., the metabolic 
rate); (2) the rate of continuous carbon dioxide release between bursts; (3) the 
duration of the cycle as measured from the end of one burst to the end of the 
succeeding burst (or its reciprocal, the frequency of bursts); and (4) the burst 
volume. 

Table I records all of these parameters for a representative sample of the 
several hundred pupae on which respiratory measurements were performed. The 


TABLE | 


The cycle of carbon dioxide release of 14 normal diapausing pupae at 25° C. 


Over-: ate } 
ver-all rate Over-all rate Interburst rate 





laig of O2 con- of COs ¢ ; ok (ike ont Average Average — 
Animal no. ioe Pn ag (mmm. ive mm®/gm. live oS | ee 
wt./hr.) , A , " 

578 4.24 7.8 5.8 0.03 9.7 242 
675 6.62 8.9 7.6 0 | 6.5 309 
558 (1) 4.55 9.2 8.3 2.4 | 14.3 386 
558(2) 4.74 9.3 7.8 0.74 | 9.4 314 
9.5 7.8 0.42 9.3 325 
557 4.86 10.1 9.1 0.29 11.9 505 
10.4 9.3 0.16 10.8 406 
559(1) 4.52 10.9 Tod 0 3.8 129 
581 4.22 11.6 8.5 0.57 6.7 226 
559(2) 4.99 13.0 12.8 3.7 7.8 314 
13.8 12.9 4.4 7.4 300 
562 5.45 14.4 10.9 32 13.8 384 
555 5.11 15.4 13.0 1.6 6.8 379 
15.4 1iZ:3 2.8 pO 332 
576 5.19 15.6 11.5 2.1 2.0 94 
672 3.80 23.4 21.8 5.8 2.6 156 
673 3.79 25.0 19.3 6.3 7 165 
674 4.30 32.5 30.5 7.8 3S 267 


Average* | 4.72+.71 14.8+7.22 12.54+6.86 | 2.6+2.69 7.4+4.01 271+107.9 


*In the case of the four individuals for which duplicate determinations are recorded, the 
average of the pairs of determinations was used in computing the over-all averages. 
; g 


values for each individual represent the average of at least two cycles. In the case 
of four individuals, duplicate determinations obtained after intervals of about a 
week have been included to illustrate the regularity and persistence of the cycles. 


Tue Errects oF PupAL Mass AND METABOLIC RATE ON THE CYCLE OF 
CARBON DIOXIDE RELEASE 
1. Effects of pupal mass 


Among the various factors which were studied in relation to the cyclic release of 
carbon dioxide, the first to be examined in detail was the insect’s size or mass. 
As illustrated in the typical results recorded in Table II, it was noted as a general 





128 HOWARD A. SCHNEIDERMAN AND CARROLL M. WILLIAMS 





principle that large pupae give off larger and less frequent bursts than do smaller 
pupae of similar metabolic rate. 


2. Effects of the absolute level of metabolism 


Figure 3 decribes the relation between metabolic rate and the four parameters 
of the cycle of carbon dioxide release in a homogeneous series of pupae of approxi- 
mately the same mass (4 to 6 grams each). To obtain animals with very high 
metabolic rates, pupae with integumentary injuries were employed (see section 4 
below). Each value is an average obtained over at least two cycles. 


TABLE II 
The cycle of carbon dioxide release of five paired groups of 
normal diapausing pupae 


(The individuals in each pair have similar rates of oxygen 
consumption but different weights) 




















Rate of O2 Interburst rate | 
, : oa Average cycle | Average burst | Average burst 
Animal no Weight a os Os ae length volume | volume/gm. 
(grams) mm?’*/gm. live mm?’*/gm. live (hours) (mm!) (mm3) 
wt./hr.) wt./hr.) | 
562 4.81 8.7 0.46 4.4 179 37 
675 6.62 8.9 0 6.5 309 47 
718(9) 3.35 12.8 y 6.5 52 16 
559 4.99 13.0 4.4 7.4 300 60 
593 3.47 15.3 5.1 2.7 58 17 
555 5.11 15.4 1.6 6.8 379 74 
594 2.70 23.4 6.6 1.5 68 25 
672 3.80 23.4 5.8 2.6 156 41 
591 2.70 28.5 12.6 0.60 23 9 
674 4.30 32.5 7.8 ‘5 267 63 


As Figures 3A and B reveal, cycle length and burst volume vary inversely with 
metabolic rate; i.c., pupae with high metabolic rates are characterized by frequent 
small bursts. Indeed, it will be noted that when metabolic rate exceeded about 
60 mm*/gm. live wt./hr., many animals gave off their carbon dioxide continuously ; 
however, a few pupae with rates of oxygen uptake as high as 200 mm*/gm. live wt./ 
hr. showed occasional irregular bursts. 

Figure 3C demonstrates the direct proportionality between cycle length and 
burst volume. This correlation was also seen within the cycles of individual pupae. 
Figure 3D shows that as the metabolic rate increases, the interburst rate of carbon 
dioxide output increases. 


3. Effects of temperature-induced changes in metabolism 


Results obtained on two groups of diapausing pupae are illustrated in the data 
summarized in Table III. In five individuals the rates of oxygen consumption 






















' 
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and carbon dioxide release were first measured at 25° C.; the insects were then 
equilibrated for one day at 10° C. and the respiratory measurements repeated at 
the low temperature. In seven other individuals the measurements were performed 
only at 10° C. after equilibration at this temperature for two days. 

It will be observed that low temperature greatly amplifies the cyclic character 
of carbon dioxide release. Thus, the individual with the lowest metabolism among 
those in Table III (No. 572) showed, at 10° C., a calculated burst frequency of 
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Figure 3A. The relation between cycle length and metabolic rate for a series of Cecropia 
pupae weighing between 4 and 6 grams. 

Figure 3B. The relation between burst volume and metabolic rate for the same pupae as 
in 3A. 

Figure 3C. The relation between burst volume and cycle length for the same pupae 
as in 3A. 

Figure 3D. The relation between the interburst rate of carbon dioxide output and 
metabolic rate for the same pupae as in 3A. 
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Interburst 


Average cycle 


ratio* 

25 10° 25 
50 41 5.3 
43 23 1.35 
57 42 3.3 
41 21 4.0 

100 40 0 

1.3 

5.0 
4.3 - 

8.8 

26.0 

28.0 

27.0 
xX 100. 


I\ 


Interburst rate of CO. output 
\verage overall rate of CO2 output 
proximately the percentage of carbon dioxide given off continuously. 

** In these experiments only one burst was observed and the cycle length was estimated by 
assuming an over-all R.Q. of 0.78 and a constant interburst rate of CO2 output. The actual ob- 
served minimum values for the cycle length are recorded in parentheses. 


one per 160 hours; 7.e., about one burst per week. 
















Average burst 


length volume 
hours) (mm) 
10° 25° 10° 
7° 116 373 
(>58.5) 
25 67 242 
20 82 166 
23 130 292 
5 0 72 } 
160** - 764 
(>27) 
50 — 
65°" 420 
(>28.5) 
50 . - 
50 - - 
26 178 
17 158 


[his ratio indicates ap- 


\t still lower temperatures to 
which pupae are normally exposed during winter, one may predict even less fre- 
quent release of carbon dioxide—perhaps once in several weeks. 

In addition to decreasing the burst frequency, low temperature greatly de- 
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2.0 89 59 















DISCONTINUOUS RESPIRATION IN SILKWORM 131 


pressed the volume and rate of release of carbon dioxide between bursts: simul- 
taneously the burst volume increased two- to three-fold. One individual (No. 
718 (7)) showed continuous carbon dioxide release at 25° C. and cyclic release at 
io C. 


4. Effects of injury-induced increase in metabolism 


Diapausing pupae respond to integumentary injury by a prompt and spec- 
tacular increase in oxygen uptake of as much as 8-fold, which then persists for 
one to several weeks (Schneiderman and Williams, 1953a). By exploiting the 
injury effect, it was possible to induce major variations in the metabolism of 
individual animals and to judge the influence on cyclic carbon dioxide release. 

Table IV records results obtained in this manner on a series of six animals. 
The gas exchange was first measured at 10° C. Each pupa was then injured by 
excising the tip of its abdomen, the resulting defect being sealed with melted 





TABLE V 
The cycle of carbon dioxide release of an animal during the larval-pupal transformation 
(An. No. 595; weight = 2.97 gm.) 
Days after pupation —2 | i | 2 4 6 10 18 34 
Rate of O2 consumption 200 131 9? 62 47 18 30 15 
(mm*/gm. live wt./hr.) 
Interburst rate of CO» output 158 67 53 11 | 16 9.4 5.8 
(mm*/gm. live wt./hr.) 
Average cycle length 0 .20 25 oe .33 85 1.5 5.5 


(hours) 


paraffin and a plastic slip. After 24 hours at 25° C. the injured pupae, now with 
enhanced respiration, were returned to 10° C.; 24 hours later, respiratory measure- 
ments were performed at the low temperature. 

As is evident in Table IV, the enhanced metabolism was accompanied by a 
conspicuous decrease in cycle length and burst volume, while in 5 of the 6 animals 
the interburst rate of carbon dioxide output increased. 

In a second series of experiments, the animals after injury were maintained 
constantly at 25° C. Four days after the injury, the pupal metabolism was maxi- 
mal and the release of carbon dioxide was continuous. However, after nine further 
days, the cyclic release of carbon dioxide reappeared as the metabolism decreased 
towards normal 


5. Effects of changes in metabolism accompanying the larval-pupal and pupal-adult 
transformations 


The extremely high metabolism of the mature larva decreases precipitously 
during the larval-pupal transformation and the early weeks of pupal life (Schneider- 
man and Williams, 1953a). By the third or fourth week after the pupal moult the 
metabolism has fallen to the extremely low level characteristic of diapause. These 











132 \. SCHNEIDERMAN AND CARROLL M. WILLIAMS 









HOWARD 





circumstances permitted a further route of approach to the influence of metabolic 
rate on the cyclic release of carbon dioxide. Observations on a typical animal are 
recorded in Table V ; Figure 4 presents a semi-diagrammatic summary of results 
obtained from five individuals. 

[It is evident that carbon dioxide release is continuous throughout the prepupal 
period. Then, on the first day after the pupal moult, indications of cyclic release 
appear in the form of frequent bursts superimposed on a large continuous output 
of carbon dioxide. As the metabolic rate continues to fall, there is a corresponding 
decrease in the frequency of bursts and in the rate of carbon dioxide release be- 
tween bursts. These trends continue until the metabolic rate stabilizes at the low 
diapause level four weeks after pupation. 

When previously chilled pupae are placed at 25° C. to terminate the pupal dia- 
pause, the increase in metabolic rate after the onset of adult development is ac- 
companied by a reversal of the above-mentioned changes. The carbon dioxide 
output gradually becomes more continuous and, finally, on about the third day 
of adult development, the carbon dioxide bursts disappear altogether. Even then, 
however, the cyclic respiration can be re-established by placing the animals at low 
temperature. 








































THE EFFEcTs OF VARIATIONS IN OXYGEN AND CARBON DIOxIDE TENSION i 


ON THE CYCLE OF CARBON DIOXIDE RELEASE 
The preceding experiments revea 1a 1e mechanism responsible for e 
The | ling ex] t 1 that tl h ible for th 
} 


discontinuous release of carbon dioxide is profoundly affected by metabolic rate. 
One would anticipate that an increase in metabolism, by increasing the utilization 
of oxygen and the production of carbon dioxide, would induce concomitant changes 
in the tensions of these gases in the respiring cells. This is especially true in an 
animal such as a silkworm pupa where respiratory movements seem to be absent 
and where the ventilation of the tracheal trunks apparently depends on gaseous 
diffusion. For these several reasons it seemed likely that the observed effects of 
metabolic rate on the cyclic release of carbon dioxide were attributable, in whole or 
in part, to changes in the “internal” tensions of oxygen and/or carbon dioxide. 
In order to test this possibility, the internal tensions of these gases were caused to 
vary 


1. Effects of oxygen tension on the cyclic release of carbon dioxide 


The gaseous exchange of five diapausing pupae was first measured for 22 


hours on successive days at oxygen tensions varying from 6 to 100 per cent of an 
atmosphere. In this and subsequent experiments employing gas mixtures, each 
vessel was flushed with about 25 volumes of the experimental gas. This procedure, 
in itself, commonly caused a slight prolongation of the succeeding cycle of carbon 
dioxide release; however, the effect was easily recognized and was taken into 
account in the computations. 

The average rate of carbon dioxide output of diapausing Cecropia pupae at 
25° C. appeared to be independent of oxygen tension when the latter was varied 
from 6 per cent to at least as high as 40 per cent of an atmosphere (cf. Schneider- 
man and Williams, 1954). Though failing to affect the over-all metabolism, 
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igure 4. The rates of oxygen uptake and carbon dioxide output of a Cecropia silkworm 
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oxygen tension nevertheless induced striking changes in the cyclic release of 
carbon dioxide. Five animals were studied in detail with results summarized in 
Table VI. It will be observed that, as oxygen tension was decreased below the 
21 per cent present in air, the interburst rate of carbon dioxide output increased ; 
i.e., a larger fraction of the carbon dioxide was released continuously. Finally, in 
6 per cent oxygen, and occasionally, even in 15 per cent, all of the carbon dioxide 
was released continuously. When animals were placed in 6 per cent oxygen, it 
was noted that the rate of carbon dioxide output first increased markedly and then 
sank to a lower steady level only after several hours. Consequently, it is clear 
that the low oxygen tension triggered a prolonged period of carbon dioxide release 
and, in effect, terminated the cyclic release of carbon dioxide with an extremely 
long and voluminous burst. This same phenomenon has been noted by Buck 
et al. (1953) for pupae placed in nitrogen. 


PaBLe VI 


The effect of oxygen tension on the cycle of carbon dioxide release of five diapausing pupae* 


Rate of COs output Interburst rate of COs output 
Rate of O mm/gm. live wt./hr mm?/gm. live wt./hr.)** 
\nimal | Weight ynsumption 
no. grams mm gm live 
wt. /ht 6% |15% | 21% | 40% | 100° 6! 15! 21" 10% | 100° 
mn ' AIR : ne , AIR) : 
718(9) 3.35 12.8 11.0 8 | 10.3 11.0(100 7.5(39) | 4.0(39) 
718(3 3.87 13.2 12.1 | 10.9 11.4 12.1(100 8.0(74) 5.7(50) 0(0) 
718(2 4.04 15.8 14.1 14.3 11.4 14.1(100 8.2(57) 3.1(27)| 2.6(18) 
18(5 4.42 16.5 14.7 14.9 13.1 12.1 14.7(100) | 10.9(73) 5.3(91) 1.2(10) 0(O0 
718(7 3.85 16.8 10.4 9.4 14.0 10.4(100) 9.4(100)! 3.9(28)| 0.8(6 
continued) Average cycle length (hours) Average burst volume (mm/*) 
718(9 0 5.5 7.1 0 52 150 
718(3 0 6.9 5.3 7.5 0 76 116 
18(2 , 3.3 3.8 7.5 0 82 86 
718(5 0 8.8 4.0 3.0 5.0 0 158 130 149 170 
718(7 0 0 0 1.9 3.5 0 0 76 74 


* Each datum is the average of 22 hours of measurements, save in the case of 100% oxygen 
where measurements were continued for only 7.5 hours. 
** The percentage of over-all rate of carbon dioxide output (the interburst ratio) is recorded in 


parentheses 


It is of particular interest and importance to observe that oxygen tensions 
above that in air progressively decreased the proportion of carbon dioxide given 
off continuously. This fact is best appreciated in Table VI in terms of the large 
and progressive decrease in the percentage of carbon dioxide given off continuously. 
Indeed, in two of four pupae tested in 100 per cent oxygen, the ratio decreased to 
zero and there was no detectable release of carbon dioxide between bursts. One 
individual (No. 718 (7)), which exhibited only continuous release of carbon 
dioxide in air, showed a typical cycle of carbon dioxide release when placed in 
40 per cent oxygen. While decreasing the interburst release of carbon dioxide, 
high oxygen tensions caused no systematic changes in the frequency or volume of 
the bursts; this was true save in pure oxygen where the burst frequency was always 
lower than in air, and where, in some cases, the duration of the bursts increased. 
Four of the pupae in this experiment had also been studied in the low tempera- 
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ture study summarized in Table III. A comparison of the results in the two 
experiments reveals that exposure to 40 per cent oxygen was just as effective as 
10° C. in decreasing the rate of carbon dioxide output between bursts. By con- 
trast, the volume and frequency of the bursts were far more sensitive to low 
temperature than to high oxygen tension. 


2. Effects of carbon dioxide tension on the cyclic release of carbon dioxide 


The respiration of five pupae was measured on successive days over intervals 
of 15 to 25 hours at carbon dioxide tensions varying from 0 to 15 per cent with 
results summarized in Table VII. 


PaBLeE VII 


The effect of carbon dioxide tension on the cycle of carbon dioxide 
release of five diapausing pupae* 


Rate of CO: output Interburst rate of CO: output 
Rate of Oz mm?/gm. live wt./hr.) mm?/gm. live wt./hr.)** 
Animal | Weight | COMSUMPtion | 
no. (grams) ay hone ee ee a cies 
mm?/gm. live | 0 | 0 | | 
t./hr.) 5¢ R07 o oy 5 ¢ 2 o% | 5%, 
Ww i AIR) 89, 10% | 15 AIR) 5% 8% ; 10 15 
675 6.62 8.9 7.1 5.1] 5.4 | 60] 5.3 0(0) | 0.80(16)| 2.5(46)| 3.9(64)| 4.8(90) 
558 4.55 9.2 8.2 | 5.8] 7.6] 64] 6.6] 2.4(29)| 1.8(31)| 2.3(30)| - 5.9(90) 
} 673 3.79 25.0 19.2 | 20.5 | 21.1 | 23.2 | 22.4 | 6.3(33)| 14.7(72) 17.0(73)| 20.0(90) 
' 670 3.98 29.3 25.9 | 27.4 | 23.7 | 26.1 | 26.2 | 10.1(39)| 14.7(54) 14.3(55)| 22.6(86) 
i 674 4.30 32.5 30.4 | 31.7 | 28.8 | 29.4 | 31.1 | 12.8(42)| 19.7(62)| 22.3(77)| 23.4(80)| 24.3(78) 
continued) Average cycle length (hours) Average burst volume (mm!) 
675 | 6.5 | 5.4] 41] .32} .2| 309 | 179 | 20 | ne. 
558 14.3 11.9 4.1 2 4 386 224 | 100 20 20 
673 3.4 7.2 37 4 165 246 20 20 
670 1.6 3.4 2.5 36; 116} 170 | 116 20 
674 3.5 3.3 } 31 31 267 252 40 40 40 


* Since it was not feasible to measure oxygen uptakes manometrically in the presence of high 
concentrations of carbon dioxide, in these calculations we assumed that oxygen uptakes remained 
constant as carbon dioxide tension varied. Since the average rate of manometer movement for 
each animal over a long interval did not vary with carbon dioxide tension, such an assumption 
appeared to be justified. 

** The percentage of over-all rate of carbon dioxide output (the interburst ratio) is recorded in 

' parentheses. 


At ambient carbon dioxide tensions as high as 5 per cent, the effects on the 
cycle of carbon dioxide release were trivial: the interburst rate of carbon dioxide 
output increased slightly, but the burst frequency and volume failed to vary in any 
systematic way. Increase in carbon dioxide tension to 8 per cent further enhanced 
the rate of carbon dioxide output between bursts. But the most conspicuous effect 
of 8 per cent carbon dioxide was a sudden decrease in burst volume and an increase 
in burst frequency. Both these parameters now showed great irregularities, and 
in several cases a large and prolonged burst was given off within the first few 
hours and followed thereafter by a sequence of smaller bursts. 

As the carbon dioxide concentration was increased above 8 per cent, more and 


more of the carbon dioxide was given off continuously. Though periodic irregu- 
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larities could still be detected, it became difficult or impossible to distinguish be- 
tween a burst and an interburst. Only one pupa continued to give off large, reg- 
ular bursts in 10 per cent carbon dioxide. As the carbon dioxide tension was 
increased to 15 per cent, the carbon dioxide output became almost continuous. 


3. Effects of spiracular occlusion on the cycle of carbon dioxide release 


Pupae of the Cecropia silkworm possess one pair of thoracic spiracles and six 
pairs of functional abdominal spiracles. These openings are the sole gateways 
to the tracheal system; consequently, their occlusion affords the simplest possible 
method of lowering the internal tension of oxygen and elevating the internal 
tension of carbon dioxide. 

The over-all effects of spiracular occlusion were first examined in a series of 
14 pupae by measuring the respiratory exchange before and after various numbers 
of spiracles had been sealed with melted paraffin. Occlusion of the spiracles had 
similar effects on the over-all uptake of oxygen and output of carbon dioxide. 
When all spiracles were sealed, the oxygen uptake and carbon dioxide release were 
reduced to less than 3 per cent; hence, virtually all the gas exchange of the pupa 
takes place via the spiracles. Occlusion of all six pairs of abdominal spiracles de- 
pressed the oxygen uptake and carbon dioxide output by one-third. By contrast, oc- 
clusion of the thoracic spiracles alone or the three posterior pairs of functional ab 
dominal spiracles had trivial effects on the over-all gas exchange. 

The sealing of the three posterior pairs of abdominal spiracles, while failing to 
lessen the uptake of oxygen, caused noticeable effects on the cycle of carbon dioxide 
release. In the four individuals studied in detail, there occurred an increase in the 
interburst rate of carbon dioxide output and a decrease in the burst volume ; indeed, 
in one pupa the bursts disappeared completely \s might be anticipated, it was 
possible to reverse these effects to a considerable extent by increasing the ambient 
oxygen tension. 


OxyGEN UptTAKE DuRING THE CYCLE OF CARBON DIOXIDE RELEASE 


In confirmation of the initial observations of Punt (1943, 1948, 1950) the ex- 
periments, up to this point, leave little doubt concerning the discontinuous output 
of carbon dioxide by diapausing Cecropia pupae. However, they likewise direct 
attention to the paradoxical fact that the oxygen uptake through the very same 
spiracles is apparently continuous. 

Buck et al. (1953) suggested that the continuous uptake of oxygen might be 
an artifact attributable to a change in the volume of the pupa during the interburst 
period. Such a change in displacement, it was suggested, could result from a 
utilization of oxygen from the sealed tracheal system leading to a compensatory 
telescoping of the pupal abdomen. Manometric and volumetric respirometers 
are, of course, particularly susceptible to errors of this type, and any change in the 
insect’s volume would necessarily be recorded as a net uptake of oxygen. For 
these several reasons, special attention was centered on the problem of oxygen 
uptake during the interburst period. Three independent experimental methods 
were developed as follows: 

















DISCONTINUOUS RESPIRATION IN SILKWORM 


1. Divided chamber experiment 


The object of the maneuvers now to be considered was to measure any volume 
change occurring in the motile collapsible segments of the pupal abdomen while 
simultaneously measuring the gaseous exchange of the entire pupa. For this 
purpose the three pairs of functional spiracles on the motile abdominal segments 
were sealed with melted paraffin. As diagrammed in Figure 5, a plastic diaphragm 
was then placed around each such pupa just anterior to the motile abdominal 
segments and sealed in place with melted paraffin. The three individuals treated 
in this manner continued to show cyclic release of carbon dioxide. Each pupa 
was then placed in a divided chamber capillary respirometer, adapted from that 
described by Fraenkel (1932) and diagrammed in Figure 5. The diaphragm 
separated the two 20-cc. chambers. The posterior chamber enclosing the ab- 
dominal segments was filled with water and coupled by a two-hole rubber stopper 
to a glass capillary calibrated in mm* units, the second hole being plugged with 
a rubber vaccine stopper. The water extended about half-way into the capillary 
at the outset. In this manner, the posterior chamber and its capillary were made 





Ficure 5. Divided chamber capillary respirometer. The diapausing pupa is sealed to a 
transverse plastic diaphragm so that the insect’s anterior end is in the air-filled anterior 
chamber. The pupal abdomen (with spiracles sealed) is in the water-filled posterior chamber. 


to function as a gauge to measure any changes in the volume of the motile abdominal 
segments. 

The air-filled anterior chamber was similarly coupled by a two-hole rubber 
stopper to a glass capillary calibrated in 10 mm? units. A small paraffin-coated 
tube was placed in the anterior chamber to separate the insect from a roll of filter 
paper moistened with 0.3 cc. of HCl. In order to maximize the discontinuous re- 
lease of carbon dioxide, a mixture of 40 per cent oxygen and 60 per cent nitrogen 
was flushed through the anterior chamber via the vaccine stopper. An index drop 
of colored detergent solution was then introduced by a long hypodermic needle into 
the anterior capillary. A short length of rubber tubing was attached to the tips 
of both measuring capillaries and the entire apparatus finally submerged in a con- 
stant temperature bath along with a suitable thermobarometer, the open ends of 
the rubber tubes being supported above the water level. Simultaneous measure- 
ments were made on the two capillaries in order to correlate changes in the dis- 
placement of the abdomen with changes in the gas volume attributable to respira- 
tion. 

A typical experiment is diagrammed in Figure 6. The solid upper curve 
here records the volume changes of the anterior respiration chamber. The solid 
lower curve records the volume changes of the abdomen. The dotted line com- 
bines these two volume changes and charts the net volume changes that would 
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have been recorded if the animal were enclosed in a Warburg respirometer in 
the presence of acid. After 105 minutes, oxygen was injected to restore the 
original gas concentration and the experiment continued. 

It is at once evident that the changes which were actually observed in the 
volume of the abdomen were extremely minor. In the experiment in Figure 6 
three of the abdominal volume changes more or less correlate with carbon dioxide 
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bursts. However, bursts occurred on three other occasions without any de- 
tectable change in abdominal volume. Moreover, in all cases where changes in } 
abdominal volume were recorded, they took place at least several minutes after 


the initiation of a burst and were of exceedingly short duration; namely, an abrupt 
slight decrease followed by an equally rapid increase. It is of particular interest 
to note that any decrease in abdominal volume was always accompanied by a 
corresponding increase in the volume of the anterior end. This fact accounts for 








































DISCONTINUOUS RESPIRATION IN SILKWORM 139 





the smooth contours of the dotted curve in Figure 6 as contrasted to the irregu- 
larities in the upper solid curve. In short, we were unable to detect any net 
changes in the displacement of the pupal abdomen during the cycle of carbon 
: dioxide release ; evidently, the observed minor alterations in abdominal volume are 

to be accounted for in terms of the transfer of gas or liquid within the insect by 
slight changes in the tone of the abdominal muscles. 


2. Projection studtes 


By an application of the projection technique of Plateau (1884) and Langendorf 
(1883), a pupa was placed on a firm pedestal in a dark-room and oriented in the 
path of the intense point-source of light from a 100-watt zirconium are. The 


TABLE VIII 


The effect of immobilization on the cycle of carbon dioxide release 


A 


Immotile anterior pupal fragments 


| Rate of O2 Interburst rate | 
\ 1 Weight consumption of COs output Average cycle Average burst 
} cee Se. (grams) mm?/gm. live mm/gm. live length (hours) volume (mm) 
wt./hr.) wt./hr.) 
579(1) 3.38 30.5 3.6 0.35 85 
581 (1) 3.16 41 15.5 0.50 43 
581(2) 3.20 44 14 0.60 60 
579(2) 3.34 48 10.6 0.64 62 
B 
Pupae immobilized with wax ‘‘strait-jackets”’ 
l | 
718(8) 4.86 20.6 9.6 9.9 178 
718(6) 4.61 20.8 16.3 9.0 252 


much enlarged shadow of the pupa was then viewed in profile on a white wall 
four feet away. Outline sketches of the shadow at frequent intervals revealed no 
detectable changes in the insect’s profile as a function of time. 


3. Experiments on immobilized pupae 


By surgical techniques described previously (Williams, 1947) a series of four 

pupae were transected just anterior to the motile abdominal segments. Each of 

I the immotile anterior fragments was then sealed with melted paraffin to a plastic 
slip. Several weeks later, after the injury-induced metabolism had subsided, the 
measurements of respiratory exchange demonstrated the usual cycle of carbon 
dioxide release along with a continuous uptake of oxygen (Table VIII, part A). 
A second procedure involved the immobilization of the abdominal segments 


of normal pupae by means of wax “‘strait-jackets.” Pupae were anesthetized and 
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strips of melted paraffin applied to their abdominal segments until the segments 
were completely immobile and incapable of telescoping. Care was taken to avoid 
any damage to the spiracles. Measurements on two such pupae after immobiliza- 
tion are presented in Table VIII, part B. The discontinuous nature of the carbon 
dioxide output persisted, as did the apparently continuous oxygen uptake. 

Consequently, it is evident that the presence of the motile abdominal segments 
is not prerequisite for the phenomena under consideration. 


DISCUSSION 


The results just considered confirm the reality of the carbon dioxide bursts and 
delineate the factors which affect their magnitude and frequency. All conditions 
which alter the internal tensions of oxygen or carbon dioxide influence the kinetics 
of the cyclic release of carbon dioxide. Table IX summarizes the direction of 


TABLE [IX 


Summary of the effect of various factors on the cycle of carbon dioxide release 


Interburst 
uctor Metabolic rate rate of Cycle length Burst volume 
CO: output 


Increasing pupal mass Variable Decreases Increases Increases 
Increasing temperature Increases Increases Decreases Decreases 
markedly 
Integumentary injury Increases Increases Decreases Decreases 
Increasing O» tension (6% to 100%) No effect Decreases Variable Variable 
markedly 
Increasing CO, tension (0 to 15%) No effect Increases Variable Variable 
Larval-pupal transformation Decreases Decreases Increases Variable 
Pupal-adult transformation Increases Increases Decreases Decreases 
Occlusion of three abdominal No effect Increases Variable Decreases 
spiracles 
Occlusion of all spiracles Maximal None None None 
dec rease 


these influences. The data suggest that within the insect the normal stimulus for 
a carbon dioxide burst is either low internal tension of oxygen, high internal tension 
of carbon dioxide, or a combination of the two. Moreover, bursts appear to be 
correlated with low metabolic rate. Therefore, in other groups of insects which, 
because of their high metabolic rate, release their carbon dioxide continuously at 
ordinary temperatures, it is likely that bursts can be induced by exposure to low 
temperature. Also, the greater volume of the burst at low temperatures suggests 
that the threshold concentration of carbon dioxide necessary to trigger a burst is 
increased at lower temperatures. 

The manometric description of the cycle of carbon dioxide release agrees sub- 
stantially with the results which Punt (1950) obtained by the diaferometric method. 
Unfortunately, since Punt’s experiments were qualitative and involved only meas- 
urements of carbon dioxide output, we cannot make any quantitative comparisons. 
However, even on a qualitative basis, there are a few minor differences between his 
results and ours. Whereas we recorded an apparently constant rate of carbon 
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dioxide output between bursts, Punt’s data show a period of increased carbon 
dioxide output prior to each burst. But, since the units along his ordinate are 
not given, we cannot ascertain the amount of carbon dioxide released in this pre- 
burst period. Under our experimental conditions, we were unable to detect 
manometrically a pre-burst increase in carbon dioxide. It is likely, therefore, that 
Punt’s pre-burst increases in carbon dioxide are of small magnitude. 

A consideration of the effects of low temperature on the cyclic release of carbon 
dioxide provides insight into the mechanism underlying the bursts. By comparing 
the carbon dioxide release curves of animals at 10° and 25° C., we see that, for 
bursts of equal volume, the rate of evolution of carbon dioxide during the burst 
is substantially the same at the high and the low temperature. The low tempera- 
ture coefficient, in itself, suggests that the kinetics of the burst is governed by one 
or more rate-limiting processes of a physical rather than a chemical character. 

By contrast with the cyclic release of carbon dioxide, the uptake of oxygen ap- 
pears continuous even at low temperatures and under conditions of low metabolic 
rate. The results of the projection studies and of experiments with the divided 
chamber and with isolated pupal fragments support this conclusion. Also, as the 
following calculations show, measurements of tracheal volume add further con- 
firmation. 

Vacuum extraction of the gases in the tracheal system and dissolved in the 
tissue fluids revealed the tracheal volume of Cecropia pupae to be considerably less 
than 10 per cent of the total volume of the insect. Thus, in the absence of a special 
oxygen-absorbing blood pigment, a Cecropia pupa weighing 5 grams and having 
a specific gravity of approximately 1, could store within its tracheal system not in 
excess of 100 mm* of oxygen, and dissolved within its tissue fluids less than an 
additional 100 mm* of oxygen. In short, the total “storage” of oxygen could 
scarcely exceed 200 mm? and is probably much less. However, such a pupa may 
consume more than 600 mm®* of oxygen between bursts; that is, more than three 
times as much oxygen as could be stored under optimum conditions. These facts 
give assurance that oxygen must enter the insect in substantial quantities between 
bursts. 

The manometric data reveal the magnitude of this oxygen uptake during this 
interburst period: at 25° C., oxygen enters the spiracles at a rate five to twenty 
times greater than that at which carbon dioxide makes exit; at 10° C., the dif- 
ference in rate may reach 100-fold. Any theory which accounts for the discon- 
tinuous release of carbon dioxide must also provide for the continuous uptake 
of oxygen and for the quantitative aspects of the cycle. 

It is illuminating to calculate the respiratory quotients one would obtain at 
10° and 25° C. if the burst phenomenon were not recognized and the interburst 
carbon dioxide output employed in calculating respiratory quotients. Thus, at 
25° C. the average “interburst R.Q.” for the first group of animals in Table III 
is 0.43 with a range of 0.32 to 0.56. At 10° C. for this same group of animals the 
average is 0.25 with a range of 0.12 to 0.42, while for the second group it is 0.13 
with a range of 0.01 to 0.29. The apparent “systematic change in R.Q. with 
temperature” is clearly an artifact attributable to the discontinuous release of carbon 
dioxide. Neglect of this factor doubtless accounts for the peculiarly low R.Q.’s 
usually reported for diapausing insects. 

In the hard-bodied pupal insect we have seen that the spiracles provide the sole 
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gateways to the tracheal system and that the sealing of these orifices brings respira 
tory exchange substantially to a standstill. Consequently, attention focuses on the 
role of the spiracular mechanism in relation to the cyclic release of carbon dioxide. 
This matter will be considered in the paper that follows. 


SUMMARY 


1. The respiration of diapausing Cecropia pupae is remarkable in that metabolic 
carbon dioxide is retained within the insect and released during brief periods as 
“bursts.” This finding confirms Punt’s prior observations on several species of 
diapausing insects. 

2. At 25° C. in 14 pupae with an average weight of 4.7 grams, bursts of carbon 
dioxide occurred on the average of once every 7.3 hours and the burst volumes 
averaged 271 mm*/animal. The average interburst rate of carbon dioxide output 
was 2.7 mm*/gm. live wt./hr., 7.e., about one-sixth the average rate of oxygen 
uptake. 

3. The utilization of oxygen, unlike the release of carbon dioxide, shows no 
discontinuities and “direct”? Warburg manometric procedures reveal an apparently 
continuous uptake of oxygen. 

4. Several independent lines of experimentation confirm the manometric ob- 
servations that oxygen uptake by the pupa is continuous and non-cyclic and direct 
attention to the surprising fact that, in the interburst period, oxygen may enter the 
insect at many times the rate at which carbon dioxide makes exit. 

5. Virtually all respiratory exchange ceases after the spiracles are sealed with 
wax ; the tracheal system and spiracles are therefore the site of both the discontin- 
uous release of carbon dioxide and the simultaneous continuous uptake of oxygen. 

6. The cycle of carbon dioxide release is a function of metabolic rate and 
therefore of temperature. At low metabolic rates the bursts. are accentuated. 
Thus, at 10° C. carbon dioxide is given off only once in several days and the inter- 
burst rate of carbon dioxide output may be but 1/100th the rate of oxygen 
uptake. If the insect’s metabolism is increased by integumentary injury, or de- 
velopment, or increase in environmental temperature, the bursts become more 
frequent and the continuous release of carbon dioxide more pronounced. The 
burst phenomenon usually disappears when the oxygen uptake rises beyond 160 
mm*/gm. live wt./hour. 

7. The bursts also vanish when the external oxygen tension is decreased below 
15 per cent or the external carbon dioxide increased above 10 per cent. The 
interburst rate of carbon dioxide output is especially sensitive to oxygen tension 
and in pure oxygen the interburst carbon dioxide output may become undetectable. 

8. For bursts of equal volume, the rate of release of carbon dioxide during the 
burst is substantially the same at 10° and 25° C., signifying that the rate-limiting 
processes in the rapid release of carbon dioxide are of a physical character with low 
temperature coefficients. 

9. The discontinuous release of carbon dioxide is apparently a widespread 
phenomenon in diapausing pupae. This fact complicates determinations of respira- 
tory quotients and is evidently responsible for the extremely low and apparently 
erroneous values reported for diapausing pupae. 
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CYCLIC CO, RELEASE IN DIAPAUSING AGAPEMA PUPAE 
JOHN BUCK AND MARGARET KEISTER 


One of the most engaging recent problems in insect respiration is posed by the 
following observations: (1) Certain insects release CO, in brief periods of very 
rapid output (“bursts’’) alternating with long periods of very slow output (Punt, 
1944, 1950). (2) In such insects O, uptake is continuous and constant throughout 
periods much exceeding the length of the burst cycle (Schneiderman and Williams, 
1953, 1955). (3) Though the R.Q. may be 0.1 or less during the interburst period 
(O, taken up 10 or more times as fast as CO, is released), the R.Q. computed over 
an entire cycle is similar to that in many insects with continuous CO, release (0.78, 
Schneiderman and Williams). 

The continuity of O, uptake shows that the cycle cannot be due to any type of 
rhythmic change in over-all metabolic rate. The conventional over-all R.Q. indi- 
cates that the CO, released in the burst should be regarded not as gas suddenly 
generated at that time but as the normal respiratory CO,, produced at a steady rate 
throughout the cycle but somehow retarded in escape except during the brief burst 
period. Punt had stated that there were no body movements corresponding to the 
bursts, and had ascribed the rhythmic release of CO, to a corresponding rhythm of 
spiracular activity. He apparently assumed that entry of O, would be reduced by 
the spiracles whenever escape of CO, was retarded, which is not true. Whether 
the CO, retention could be accomplished by cyclic spiracular activity without inter- 
ference with O, uptake will appear from the following consideration: Assuming 
that gas transfer is by diffusion, the quantity passing through the spiracles in unit 
time is given by Fick’s Law: QO = |D(C* — C‘)A]/L, where Q is the rate of gas 
transfer, D is the diffusivity of the gas in question, C’ and C', the concentrations 
outside and inside the spiracle, A, the area of the aperture of the spiracular valve, 
and L, the length of the valve lumen in the direction of diffusion. Because O, and 
CO, travel the same path, pore area and length can be neglected and relative trans- 
fer rates will be determined only by diffusivities and concentration gradients : 

Qo, _ ko, (C%, — C'o,) 


Vco, kco, (Com = ¢ CO,) 


Since the diffusivities of O, and CO, differ only in the ratio of 5:4 it is clear that 
the spiracles could not, by themselves, bring about the observed 10-fold or more 
disparity in transfer rates of CO, and O, during interburst. Accordingly it seems 
necessary to restudy the CO, cycle with special reference to spiracular activity, the 
triggering of the burst, and the interrelations of the variables of the cycle (burst 
volume, cycle length, interburst release rate). 


It is a pleasure to acknowledge the helpful suggestions of Drs. R. Anderson, 
L. Chadwick, L. Levenbook, A. G. Richards, H. Specht and J. Verduin, and the 
kindness of Drs. Schneiderman and Williams in providing us with progress reports 
of their work, and with specimens of Platysamia and Samia. 
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CYCLIC CO, RELEASE IN PUPAE 


MATERIALS AND METHODS 


Diapausing 600-1400 mg. pupae of the saturniid moth Agapema galbina were 
used in most of the work, confirmatory tests being made on 3-5 g. pupae of the 
saturniid Rothschildia orizaba. (CO, release was also measured in 9 diapausing 
pupae of the phalaeniid moth Admetovis oxymoris over an average of 20 hours per 
individual without any discontinuity being observed.) Agapema, which pupates 
(in southern Texas) in December and normally emerges in September and 
October, was studied from January through May in two successive years, and 
Rothschildia which pupates (in southern California) in September and emerges 
in May and June, was studied in March and April. Since the two batches of 
Agapema differed somewhat in a number of respects, some of the data are given 
separately by year. Parasitism by larvae of certain flies, prevalent in saturniid 
pupae, was shown not to affect the results (Buck and Keister, 1955). 

: Gas exchange was measured at 5-minute intervals throughout periods of up to 
72 hours by Warburg’s direct method, O, uptake in the presence of 10% KOH, 
and CO, release (by difference) in the presence of 5.5% H.SO,, the concentration 
of acid having the same vapor pressure of water as the alkali. The Agapema pupae 
were rested on the insets of 15-ml. flasks, the liquid being in the flask bottoms, 
whereas Rothschildia, Samia and Platysamia were tested in 100-ml. flasks with 
the volume reduced to about 30 ml. with paraffin, and with the liquid in small 
watchglasses. Manometers were shaken at about 65 cycles per minute for im- 
proved temperature control. Because of the necessity of making continuous records 
of CO, output over many hours and the impossibility of measuring O, uptake 
simultaneously by Warburg manometry, O, uptake and CO, release in a given 
individual were usually measured on alternate days. For pupae in full diapause, 
this practice seems justified by the extremely slow rates of change in weight and 
metabolic rate, and the rate of CO, release during the bursts is so much higher than 
that of O, uptake that no appreciable error is introduced in that part of the cycle. 
However, a proportionally much greater uncertainty is involved in the computed 
interburst release rates because the CO, is appearing at a rate so much lower than 
the O, uptake rate assumed to apply at that time. Each animal was examined for 
body movement and heartbeat after each test, to make sure it was alive, since 
notable bacterial gas exchange can be recorded from dead specimens. 

In sealing experiments a resin adhesive (Rebel No. 502, Southern Adhesives 
Corp.) was used, one-half hour in air being allowed for drying. Unless otherwise 
stated, respiration measurements were made at 25° C. “Qo,” and “Qeo.” indi- 
cate rates of gas exchange per unit live weight. 


RRR Ter mer 


RESULTS 
1. General pattern of CO, release 


Data from more than 1900 bursts in 124 pupae in which CO, release was meas- 
ured for an average of 109 hours per individual are summarized in Tables I-III, 
and in Figure 1. Some idea of the degree of variation between Agapema pupae 
in the same batch, and between batches, can be obtained from Table I, which gives 
the frequency distribution of mean cycle length in the 124 individuals in runs 
averaging about 8 hours. Rothschildia pupae were similarly variable, ranging 


146 JOHN BUCK AND MARGARET KEISTER 








ul CO2 /GRAM 


























as | 
HOURS 


Figure 1. Typical records of COs release rate in Agapema (A) and Rothschildia (B), 
I 


showing COs bursts; 25 


from individuals giving small bursts every half hour or so to those giving large 
bursts at longer than 8-hour intervals. The particular 1953 figures used in Table | 
cover a period of only a few weeks; later, after various experiments had been run, 
there had been marked increases in burst frequency in some individuals, several 
giving bursts as often as every hour, whereas in a few pupae there was a decrease 
in mean frequency. The 1954 figures involve a longer time span, but in spite of 
this there was a much larger proportion of long-period pupae than in 1953. 


PABLE | 


Number of pupae of given mean CO, release cycle length at 25 


Cycle lengths in hours 
Mean cumu- 


Batch we lated hours of —— — - SEE EE No bursts 
o0s. par pupa 1-2 2-3 3-4 4-5 5-6 ot 

1953 35 16 0 3 13 | 17 2 

1954 89 47 3 5 3 11 5 60 2 


* Ranging from 8-120 hours per individual, but mostly from 20-60 (e.g., the standard devia- 
tion for the 1954 pupae was 22.2 hours). 


Cycle variation within a given pupa during a period of continuous measure- 
ment is indicated by the data for burst volume and cycle length in Table II. 

For rough comparison with Schneiderman and Williams’ data on the pupa of 
the Cecropia moth, Platysamia, Table III gives the variables of the CO, burst cycle 
in a number of multiple-burst pupae for which corresponding O, uptake records 
were available. From this it appears that Agapema pupae differ from those of 
Platysamia in having bursts which are briefer and represent only 16-36 times the 
volume of CO, released continuously in an equal (10 minute) period (rather than 
up to more than 200-fold) and in releasing only 45-65% of their CO, production 
per cycle as bursts (rather than up to 95%). R.O.s ranging from 0.4 to 5.0 are 
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obtainable, depending on the period in the cycle chosen for calculation, the average 
figures for a complete cycle being 0.65 and 0.81 for the small samples treated in 
Table III. In most of our discussions a value of 0.73 will be assumed. 


2. O, uptake in diapausing Agapema pupae 


Concerning the important question of normal O, uptake rate, we concluded 
after careful study that Schneiderman and Williams are correct in reporting a 
steady and continuous O, uptake during periods when CO, bursts are occurring. 
Small but statistically significant perturbations were in fact seen in some of our 
QO, uptake records, but can be regarded as artifacts due to inability of the alkali 


PaBLe I] 


Average COz burst volume and cycle length per individual Agapema pupa at 25° 


| ~ 7 : ae : | ay 
Mean cycle | ‘ 





— 7 r Mean burst % volume 7 ai ath ® length 
No. pupae No. bursts | vol. wL/g. variation* | No. cycles length variation* 
| hours) 
1953 9 (22 series) 79 28.6 16.8+2.2 58 3.26 16.0+2.1 
1954 29 (42 series) 118 26.1 19.4+2.3 87 4.96 21.2+3.7 


* Per cent variation from mean was computed for each series of 2-5 consecutive cycles in one 
individual. All these were then averaged 


to absorb instantaneously all the CO, from bursts occurring just before the time 
when the manometer was read. 

In experiments with various O,-N, mixtures we found Qo, constant throughout 
the range 1%-100% O,. This is important in indicating the unlikelihood of the 
pupa being hypoxic at any stage in the cycle. 


3. Exclusion of non-spiracular gas-exchange 


In confirmation of Schneiderman and Williams’ finding, both O, uptake and 
CO, release were practically zero in pupae with all spiracles sealed. This indi- 
cates that cutaneous respiration is negligible and that the continuous low-level CO, 
release of interburst must occur via the spiracles, as Punt thought. 

Though the anus is not ordinarily functional in lepidopteran pupae we took the 
precaution of testing the effect of thoroughly sealing the anal end of the pupa. 


raBLe III 
CO» burst cycle variables in Agapema (25°) 
(IB = interburst) 


ais : 7 = 


| | ii Total 
No. | Mean Oo. noe Burst : ae IB rate IB COz Burst | Burst as 
yu pae wt (uL, g./hr.) uration “pes ength (uL /g./hr.) per cycle rate | 7 OF 200; 
I min.) uL/g.) hrs.) _ I IB rate | per cycle 
BL /k.) 
1953 | 13 85 g. 30 10 33.3 3.6 11.9 42.8 17 44 
1954 13 ‘ 4. 17.1 
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In 15 such pupae 23 bursts occurred in 10 hours, compared with 30 bursts in 
14 hours on the preceding day, indicating that intestinal gas is not involved in 
the CO, bursts. 


4. Role of the spiracles 


Since Punt had attributed the cyclic changes in CO, release rate to spiracular 
activity, we investigated this point (cf. also Buck, Keister and Specht, 1953). 
The spiracles of Agapema are marked externally by hard, oval stigmata, each of 
which consists of a rigid thickened border, the peritreme, enclosing a flat immov- 
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Figure 2. Diagram to show glass tube (GT) forced through grating (G) within the 
peritreme (P) so that it passes through the spiracular atrium (A) and the valve (V) into 
the tracheal manifold (M). 


able plate pierced by a narrow slit with serrated edges. If the stigmal plate is 
chipped away it can be seen that about 500 » in from the body surface of the pupa 
the large tubular atrium is flattened so that the passage is closed. Dissection 
shows that the flattening is brought about by the apposition of movable sclerotized 
bars surrounding the atrium in such a way as to make an effective valve (V, 
Fig. 2). Internal to the valve lies a roughly spherical “manifold” chamber (M) 
from which a dozen or more large tracheae branch out into the viscera. 

Under the conditions necessary for observation (removal of peritreme; use of 
spotlight ), the valve opens momentarily to an elliptical slit at intervals considerably 
shorter than the usual cycle length. It is not known whether this is normal 
behavior, and it has thus far been impossible to watch the activity of the valves in 
the living animal during actual respirometry. However, the effect of inactivating 
the spiracular valve was tested by inserting a capillary glass tube (Fig. 3) through 
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the stigma to a point beyond the valve (Figs. 2, 4,5). The tube was about 175 
in outside diameter, fire-polished to prevent injury to the respiratory intima, and 
provided with a right-angle bend to prevent its penetration deeper than about 600 p. 
The lumen of the tubing was about 75 p, but since the lips of the valve do not close 
tightly around the cannula a solid rod would probably serve as well. Theoretically 





Figure 3. Fire-polished glass tubes used for spiracular intubation (on millimeter rule). 
Figure 4. Tubes in place in 2d and 3d abdominal spiracles of the left side. 20 
. 5. Dorsal view- of Agapema pupa showing tubes in place in 3d and 5th abdominal 


spiracles of the left side 


a single spiracular tube would be sufficient to keep the tracheal gas in contact with 
the external environment, since all 14 spiracles are interconnected by large tracheae, 
but to make sure, 4-6 abdominal spiracles were intubated in each Agapema pupa, 
and 3 in Rothschildia. 

The effect of spiracular intubation was very dramatic. In 16 Agapema pupae 
not a single burst was recorded in 71% consecutive hours, whereas the same indi- 
viduals had given 38 bursts during 8 hours on the previous day. Confirmatory 
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results were obtained in Rothschildia. \When the tubes were removed the pupae still 
produced no bursts, which was disconcerting until it was discovered microscopically 
that the tubes had warped the valves so that they could no longer close. When, 
thereupon, only the spiracles which had been intubated were sealed, the capacity 
to release CO, discontinuously was completely restored, and the pupae remained 
alive and apparently normal for several months thereafter. 


5. Relation of spiracles to water balance 


Since the intubation experiments indicated that the spiracles are concerned with 
CO, retention during interburst, we thought it relevant to see whether the escape 
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IGURE 6. Rates of Oz uptake (above) and weight loss (below) of pupae before, during, and 
me 


after spiracular intubation, in comparison with controls; 2: 


of water vapor is likewise impeded. We have not yet been able to measure water 
loss separately in burst and interburst periods, but over-all rate of loss was readily 
ascertained from over-all weight loss corrected for loss of respired solids. Figure 6 
gives the mean over-all weight loss and mean O, uptake rates of each of 3 groups of 
5 pupae carefully selected to be practically identical in physical characteristics and 
burst history, and Table IV gives some average data on weight and water loss. 
As shown in Figure 6, normal weight loss in laboratory air is almost vanishingly 
small, amounting to less than 0.5% in 6 days. However, in the 6 days after 
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intubation the group with two spiracles per pupa intubated lost 3.5% of its initial 
weight, and the group with an average of 4.4 intubated spiracles per pupa lost 7%. 
When the tubes were removed and those spiracles sealed, the rates of weight loss 
reverted at once to the control level. The water loss under various conditions, 
corrected for fat burned (R.Q. taken as 0.73) is given in the last column of 
Table IV, and indicates that water loss increases roughly in proportion to the 


number of spiracles intubated. 

The O, uptake rates given in Figure 6, the measurement of which required a 
total of 11% of the duration of the weight loss experiments, show that the intuba- 
tion operation slowly stimulated respiration. This is in accord with Schneiderman 
and Williams’ (1953) findings on the sustained effects of mechanical injury. 
It might be thought that the weight losses recorded were due to the stimulated 
respiration, rather than to water loss, but this is contraindicated by the linearity 


of weight loss in comparison with the decelerating increase in respiration, by the 
fact that the ratios of increase in O, uptake were not the same as the ratios of 


PaBLe I\ 
Weight and water loss in intubated pupae at 25 
Water 


loss per 


per day 


‘ i Total Total HO from 1.0 from Carbohy Fat loss 

Initial Se Oz uptake) Oz uptake! carbohy fat ~ | drate loss | per day 

wt./pupa| * = . per day per day drate ons ee per day per pupa 
x . , ! n ' ' * > ' * ne ' ' Upe ne r ‘ x 

mg per pupa pe hos per Lens i oan per —" — ag ae 
aL g. g 8 8 mg.) 


1027 0.2 0.11 08 0.2 7 -93 
1078 7 7 64 36 .24 0.6 
1060 12.7 72 9 51 34 .84 


* Computed from peak rate. 
** /.e., amount of metabolic water produced, assuming pure substrate respired. 
*** J.e., computed from over-all O2 uptake, assuming pure substrate respired 


weight loss in the two experimental groups, and by the immediate return to the 
control rate of weight loss after detubation and sealing, as contrasted with the 
slow decline in Qo,. Furthermore, if possible substrate loss is computed as glucose, 
and the peak rate of uptake is taken as applying throughout the period of intuba- 
tion, the loss of solids is only a trifling fraction of total weight loss (Column 9, 
Table IV). It can be concluded, therefore, that water vapor, as well as CO., is 
normally retained by the spiracles. 

The very slow rate of rise and fall in Qo, gives assurance that rise in metabolic 
rate per se cannot be the cause of the sudden abrogation and restoration of ability 
to produce bursts in the intubation experiment. 


6. Working hypothesis of the CO, burst cycle 


Our demonstration that CO, retention is abolished when the spiracles are made 
inoperative does not prove that the spiracles normally control the burst cycle. 
Since direct observation during respirometry was not feasible we investigated burst 
volume, cycle length and interburst release rate under different conditions to see 
whether these variables are interrelated in ways which are compatible with spiracular 
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action. This requires, however, a description of the cycle in relation to possible 
triggering of its various phases. 

A priori the simplest interpretation of the burst cycle is perhaps that the low- 
level interburst CO, release represents leakage through closed or nearly closed 
spiracles and the burst represents the liberation, at the time of spiracular opening, 
of the CO, which accumulates in excess of that which can leak out. The spiracles 
would thus act as a sort of safety valve to prevent the internal CO, concentration 
from rising above a certain level. In terms of control, this interpretation of the 
burst cycle centers in the starting and in the stopping of the burst, events which 
seem most reasonably attributed to the opening and the closing of the spiracles. 
Spiracular closing would thus affect burst volume and burst duration, and spiracular 
opening would determine cycle length. 


7. Interrelations of cycle variables in individuals and populations 


If burst volume, cycle length and interburst release rate change under various 
conditions, their interrelations should bear not only on spiracular control but on 
the hypothesis that CO, is at least one of the factors controlling spiracular action, 
and on the rationale of discontinuous CO, release per se. Thus, for example, 
if a larger than average burst were released, due to delay in spiracular closing or 
to wider opening than usual during the burst, it might be expected that the suc- 
ceeding interburst period would be longer than usual because a longer time would 
be required for the impounding CO, to build up the (abnormally low) internal 
concentration to the level required to trigger spiracular opening. On the other 
hand, if the burst were larger than average because of delayed spiracular opening 
(i.e., the internal CO, concentration rose higher than usual before a burst), it 
would be expected that larger than usual bursts would be associated with longer 
than usual preceding interbursts. 

Previous work has not given a clear answer on this point, possibly because of 
the very small number of records involved. Punt called attention to unusual burst 
size associated with unusually long succeeding interburst period, and Schneiderman 
and Williams believe that burst volume is correlated with length of preceding inter- 
burst period. In Agapema an analysis was made of over 300 cycles in 18 pupae, 
occurring in series of 2-9 consecutive cycles per individual, comparing cycles 
reckoned as a burst plus the interburst immediately preceding, and as the same 
burst plus the interburst immediately following. There was very considerable 
variation between and within individuals and no significant difference in mean 
magnitude was found in interburst length, total interburst volume or total cycle 
CO, release calculated on the two bases. This could mean either that spiracular 
opening is as variable as spiracular closing or that the two operations are correlated. 
At any rate, from the practical standpoint a cycle may apparently be defined as a 
burst plus either the preceding or succeeding interburst. In our computations of 
total cycle CO, output we have arbitrarily used the latter. 

Even the most cursory examination shows that there is some regularity in burst 
volume and cycle length in successive CO, release cycles of a given pupa. How- 
ever, the degree of variation is such, and the difficulty in measuring an adequate 

1 Burst duration is probably variable also, but the time resolution of the Warburg method 
is insufficient to detect such differences. 
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number of consecutive cycles in a single pupa is so great, that no statistically valid 
distinction between the degree of variability of the different cycle variables in an 
individual can be obtained directly. However, an analysis of variance of cycle 
variables of the 1954 pupae showed that the variance of burst volume is highly 
significantly less within individual pupae than between mean burst volume in 
different pupae. In contrast, cycle length, interburst CO, release rate and total 
interburst CO, volume all show about as much variation between different cycles 
of a single pupa as between pupae. This indicates that burst volume is much more 
constant than cycle length or interburst rate in successive cycles of an individual. 
Hence the lack of clear association of a burst with either preceding or succeeding 
interburst period may mean that the internal CO, level for spiracular closing varies 


TABLE V 


Correlation analysis of burst cycle variables in two samples of Agapema pupae 
(Qcoz2 = av. rate of CO» release over whole cycle) 


(29 cycles) 1954 (109 cycles) 
Pairing - _ - Se 


t 


° Qo, Vs. Qco, 91 11.4 
- Qo, vs. IB rate .60 3.90 
3. Qo, vs. B vol./g. .20 1.06 
- Qo, vs. Zco,/cycle 20 1.06 
5. Qo, vs. cycle length .64 4.32 
- Qco, vs. IB rate 79 6.7 
7. Qco, vs. B vol./g. 21 1.11 
- Qco, vs. Zco,/cycle — .02 104 
- Qco, vs. cycle length 62 4.10 
IB rate vs. Zco,/cycle 40 2.27 
IB rate vs. B vol./g. .O2 .104 
IB rate vs. cycle length 16 84 
B vol./g. vs. Zco,/cycle .30 1.6 
B vol./g. vs. cycle length 16 84 
. CO,/cycle vs. cycle length ae 4.89 
B vol./g. vs ZIBco, oki .69 
. wt. vs. Qo, Be 70 
. wt. vs. absolute burst vol. a 2.86 
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in parallel with that for opening so as to keep the total amount of CO, released in 
the burst fairly constant, even though the absolute triggering level (and cycle 
length) varies. 

Turning now to data from populations, Table V summarizes a correlation 
analysis of burst cycle variables in two batches of Agapema pupae. Since only 
Qos, burst volume and cycle length were measured directly, a conservative 1% 
level of significance seems desirable. With this criterion, there seems to be a 
significant inverse relation between metabolic rate and cycle length (pairings 5 
and 9), the additional CO, apparently appearing mainly during interburst (pairings 
2, 6) rather than in the bursts (pairings 3, 7). This is consistent with other 
indications of constancy or independence of burst volume (pairings 11, 13, 16) and 
with the analysis of variance in individuals. The relation between burst volume 
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and cycle length, an important one (pairing 14), seems to be clear enough in the 
1954 population, namely that pupae with larger bursts have longer interbursts. 
The correlation is even more striking when means from pupae with cycles longer 
and shorter than 4 hours are compared (Pp = < .001). Nevertheless the lack of 
correlation in our 1953 population and the non-association between burst volume 
and Qo, (pairing 3), each of which is highly correlated with cycle length, are dis- 
turbing. Actually, the analysis summarized in Table V may weight the case 
against association since there are a number of entries for each short cycle pupa 
and only one for each long cycle one. If means of cycle variables for pupae with 
cycles shorter than 4+ hours are compared with those for pupae with cycles longer 
than 4 hours, an inverse association between Qo. and burst volume significant by 
t test at the 2% level is obtained. 
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Figure 7. COs burst pattern in pure Os. Shift from air (solid horizontal lines) to pure 
QO. (broken horizontal lines) made at 11 hours (broken vertical line) Pupae A and B had 
been in air with shaker, heaters and lights on for 12 hours (without recording) prior to time 
zero. Pupae C, D and E had been in Oy with shaker, heater and lights on for 8 hours prior 


- 


to time zero. Flasks were not flushed at time zero; 25 


s Effects of femperature and Po. on thre burst cyve le 


Punt (1944, 1950) and Schneiderman and Williams (1955) have reported that 
both increased temperature and increased metabolic rate cause a progressive increase 
in burst frequency and interburst CO, release rate, and a decreased burst volume. 

Schneiderman and Williams also reported that increasing the environmental O, 
concentration above that in air caused a progressive decrease in rate of interburst 
CO, release until, in 100% O2.,, practically all the CO, was released in bursts. 
Decreasing the ambient O, had the opposite effect, bursts disappearing altogether 
at some concentration between 15% and 6%, «e., all the CO, produced was 
released continuously Similar results were obtained with Agapema, except with 
pure O,, in which bursts were suppressed almost to the vanishing point (Fig. 7). 
This effect, apparently different from that in Platysamia, was found consistently in 
two 36-hour experiments involving 30 pupae each, and alternated with respect to 
time of day and sequence of exposure to air and O, 
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No progressive effect of O, on either cycle length or burst volume is apparent 
in the records of Schneiderman and Williams nor in Agapema population means 
from different O, concentrations. The O, threshold for burst production, which 
in Platysamia lies between 15 and 6%, seems in Agapema to be about 10%. Thus, 
as shown in Table VI, the burst frequency in 13% O., is indistinguishable from that 
in air, and bursts are essentially absent in 7%. Of the 30 pupae tested in 10% O,, 
13 which had given two or more bursts in a comparable period in air on the pre- 
ceding day gave no bursts at all, and two others ceased giving bursts in the course 
of the experiment. 

The apparently rather abrupt cessation of burst production at about 10% 
ambient O, raises the questions whether there is a real break between continuous 
and discontinuous types of CO, release, and if so whether temperature and Po, 
differ qualitatively in their effects in this respect. Schneiderman and Williams’ 
1955 data indicate about 60% higher interburst release rate at 15% O, than in 


raBLe VI 


Frequency of burst production in different environmental Os concentrations Same 30 
pupze used in each test; duration of experiments, 18-23 hours; 30 


No. pupae giving two or more 

bursts 
No. pupae giving single bursts ; LOT 
lotal bursts in 18 hours 8: 30* 


t Six occurred within the first hour, hence were probably mechanically triggered (sec 


t All occurred within the first hour 


\lmost all were very small 


air, but only three pupae are involved, and the range is above the critical region. 
In <lgapema the variability was such that no statistically significant difference in 
any cycle variable could be established near the “threshold.” Some evidence may 
be provided by the time course of experiments involving prolonged respirometry 
of multiple-burst pupae in the critical range. Thus Figure 8 shows a decrease in 
mean burst size of about 2% per hour, cycle length apparently being little affected 
(no sufficiently long continuous records of O, uptake were available for computing 
reliable interburst release rates). The progressive change in burst volume might 
be attributable either to the computed 2.2% fall in O, concentration or to the 1.6% 
rise in CQO, in the flask atmosphere due to pupal respiration during 20 hours. 
Insofar as this type of evidence is relevant, therefore, there is no indication of a 
sharp change in mode of CO, release. However, it should be emphasized that 
the available temperature and O, data are too scanty and variable in both Platy 
samia and Agapema to give decisive quantitative information. 

Further evidence of progressive changes in CC ), retention with decreasing 
ambient po, comes from experiments with pure N,. Since burst production ceases 


gas exchange did indeed soon cease, but before this happened extra CO, was evolved 
at about 10% O., no burst would be expected during anoxia. In point of fact all 
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(Buck, Keister and Specht, 1953). Ordinarily this “purge” began when the flasks 
were flushed with N,, thus being mainly lost in the equilibration period, but occa- 
sionally it was delayed as much as 15 minutes, permitting direct measure (Fig. 9). 
From such records it was found that purges differ from normal CO, bursts in being 
spread over 31 minutes (mean for 16 purges) and in involving over twice as much 
CO, as a normal burst of the same pupa, even when the flushing is performed 
immediately after a normal burst in air has occurred. A similar prolonged bleeding 
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Figure 8. Cycle changes in long experiments; 30 The burst plot was obtained by first 
© of mean burst volume for the whole 


« 


plotting, for each pupa, each individual burst volume (as 
experiment for that pupa) at the time of its occurrence and connecting the points with straight 
lines. Then the intercepts at the selected 344, 614, 9%, ete. hour ordinates with each individual 
pupal plot were averaged and plotted. The cycle length plot was obtained similarly, plotting 
the individual cycle lengths (as % of pupal mean) at the time of occurrence of the burst ending 
the particular interburst period \ll pupae gave three or more bursts, and there were 10 pupae 
in the 13% group and 22 in the control group 


off of CO, was seen after spiracular intubation. We interpret this to mean that 
there is normally present in the tissue and blood at all times a large reserve of CO, 
and CO, derivatives, and that in a burst the spiracles close again before all this 
stored CO, is released. In an anaerobic environment, or after intubation, on the 
other hand, the spiracles are forced to stay open, allowing additional CO, to 
diffuse out. Thus the first interburst period in air subsequent to a N,-induced 
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purge, or sealing after detubation, is inordinately lengthened (Table VII), as might 
be expected if the triggering CO, concentration were not attained until both the 
CO, normally involved in the cycle and that in the depleted permanent reserve 
had been impounded. A similar interpretation might be applied to the casual 
statement of Punt (1944) that prolonged bursts involve longer than usual cycles. 


Figure 9. COs purge produced by anoxia; 25°. A-B is the normal burst. At B the 


flask was flushed with pure Ne C-—D is the equilibration from flushing. At D the purge 
begins, reaching a greater than normal rate at E, and lasting about 3 times as long as the 
normal burst 


9. Mechanical triggering of CO, release 


Though in normal burst production some internal factor related to respiration 
triggers the sudden release of CO,, it was observed that in most experiments a 
significantly larger number of bursts occurred soon after setup than expected by 
chance. This is well shown in Figure 10, which gives the time distribution of 
90 bursts in 55 records from multiple-burst 1953 pupae in related experiments. 
Furthermore, 11 of the pupae giving two or more bursts had interburst periods 
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rasLe VII 


Effects of intubation and N» purging on cycle length at 25 
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* Five additional pupae, for which no pre-intubation data were available, showed the sort of 
post-detubation increase in burst frequency indicated in the last column 
of the proper lengths to reach approximately zero time if extrapolated backwards 
from the time of occurrence of their ostensible first bursts. Assuming that the 


first observed bursts of these pupae were in fact their seconds, and that the true 
first bursts (indicated in solid black in Fig. 10) were lost during the setup and 
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Ficgure 10. Temporal distribution and sequence of COz bursts to show disproportionate number 


occurring within the first hour after the start of the experiment; 25°. 
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equilibration periods at the start of the experiment (the rhythms being “reset’’ 
from that point), the discrepancy between the number of bursts occurring during 
the first hour after setup and during the second becomes even more striking. The 
1954 pupae gave a still more exaggerated response, the number of first bursts in 
the first hour ranging up to 75% in some experiments. 

Burst frequency was apparently not correlated with time of day. There was 
some preponderance of first bursts in the first hour of an experiment in which 
pupae were left in the flasks all night with lights and shaker on and in which the 
only apparent environmental change at the start of the experiment was the closing 
of the manometer cocks. However, a much greater preponderance occurred after 
initial air-flushing of the flasks and a still greater excess after the usual initial 
handling of the pupae in weighing, insertion in flasks, etc. It is reasonable that 
handling might trigger the release of CO, because pupae often squirm at this time. 
However, it is strange that the bursts thus apparently induced can be delayed as 
much as an hour after the actual handling. At any rate the phenomenon needs to 
be kept in mind in analyses involving burst frequency and spacing. 


DiscUSSION 
(a) The control of CO, release and its possible relation to the spiracles 


The intubation experiment shows clearly that spiracular integrity is necessary 
for the occurrence of the CO, burst cycle. The discussion of cycle variations under 
experimental and metabolic change indicates that many of these responses are at 
least qualitatively consistent with spiracular involvement in control of CO, release. 
It is therefore reasonable to consider further the triggering of CO, release in 
possible relation to the spiracles. 

In our discussion of the cycle as a hypothetical CO, regulator it was concluded 
that the triggering of the burst itself should depend on internal CO, concentration. 
This view is supported strongly by the lengthening of the first interburst period 


following a N, purge or intubation (Table VII), reminiscent of Wigglesworth’s 


(1935) interpretation that the duration of the closed period of flea spiracles is 
determined in part by accumulation of CO,. However, the observation that rate 
of CO, release during interburst is constant within the limitations of Warburg 
respirometry indicates that the change in internal peo, during a cycle must be slight. 
The N, “purge” experiment, moreover, shows that much CO, remains in the body 
at the end of a normal burst. How solubility and tissue buffering of CO, could 
permit such relative constancy in the face of burst production will be considered 
in a separate communication. 

The observed changes in CO, release rate with changing temperature and 
ambient po, suggest that at least during interburst the aperture of the spiracular 
valve is influenced also by internal O, concentration. Thus circumstances which de- 
crease the availability of O., such as a lowering of the environmental po., or increase 
the utilization of O,, such as the increased metabolism due to higher temperature 
or breaking of diapause, would force the spiracles to open wider to provide more QO.,. 
The enlarged opening would allow a more rapid escape of CO, which, in turn, 
would account for the observed increase in rate of interburst CO, release with 
decreased po.. The N, purge results also fit this scheme, since this maximum 
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ambient O, deficiency, presumably inducing an extreme and also sustained opening 
of the spiracles, could be expected to permit the escape of most of the labile CO, in 
the body. 

The possibility that the increased interburst CO, release rate with rising tem- 
perature is due to the increased rate of CO, production, rather than to increased 
port area, can be neglected if tissue buffers keep intratracheal peo, fairly constant, 
as postulated. 

In reference to stimulation of CO, release by O. deficiency, and also to the 
question of the progressive nature of the response, it is interesting to recall 
Schneiderman and Williams’ (1955) report that in 6% O, “. . . the rate of carbon 
dioxide release increased markedly and sank to a lower level only after several 
hours.” If the half-hour purge in N, (zero O.,) occurs through widely opened 
spiracles, and if spiracular valve area changes inversely with environmental po., 
the smaller opening associated with 6% O. might indeed be expected to “smear” 
out the purge over several hours (and, incidentally, to lead to a spurious R.Q. 
during this period ). 

Insofar as mode of triggering is concerned, there is ample precedent in other 
insects for spiracular opening with increased ambient peo, (e.g., Hazelhoff, 1926b, 
1928), decreased ambient py», (Hazelhoff, 1926b; Buck, 1948), or a combination 
of these gases (Wigglesworth, 1935; Case, 1954). In each instance it may reason- 
ably be assumed that an ambient gas produces its effect via changes in the composi- 
tion of intratracheal and tissue gas, and is thereby comparable to the triggering due 
to respiration in diapausing pupae. In view of the well recognized function of 
spiracles in reducing water loss in insects there is reason to suspect that water 
vapor also might influence valve activity. Hazelhoff (1926a), however, is reported 
by Punt (1944) to have found no difference in the opening of the spiracles in adult 
insects in moist and dry air, and Punt himself found no difference in the pattern 
of burst production in an adult Triatoma under such conditions. 

The triggering of CO, release in diapausing pupae and its relation to spiracular 
activity thus emerges as a complex subject. Whatever the mechanism of CO, 
retention it is apparent that the normal cycle involves both an all-or-none type of 
response, during which occurs the abrupt, extreme and brief increase in CO, 
release rate which we call the burst, and long periods in which the rate is essentially 
static in spite of increasing retention. As we have seen, the data are insufficient 
to delineate the transition between the two states. There are, however, two reasons 
for thinking that the change is not as abrupt as the records suggest. The first is 


that the transition is partly a matter of the time-resolution of the respirometer. 
This is well shown by Punt’s (1944) records at 22° and 36°, the discontinuity of 
which would certainly have been lost in Warburg manometry. The second is that 


if there is a reciprocal relation between ambient po, and spiracular aperture it is 
1 


not a linear one. Thus, from Fick’s law, A « for constant Qo, where 
Co — £ a 


A = port area and c’ and c' are the gas concentrations outside and inside. The 
relation is a rectangular hyperbola and means that at the high end of the po, range 
large changes in O., concentration would require only relatively small changes in 
spiracular aperture, whereas at low O, concentrations small changes would induce 


large changes in spiracular area (causing a spurious break in CO, leak rate). 
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The few interpretable data on triggering could be taken to indicate that CO, 
controls the sudden opening of the spiracles at burst time, while O, regulates the 
valve position sustained during interburst and the rate of over-all release in the 
range of O, concentrations below the burst “threshold.”” However, in view of 
Wigglesworth’s (1953) and Case’s (1954) evidence for interaction of O, and CO, 
in stimulating spiracles it seems more likely that the level of tissue CO, may not 
be constant, as assumed in our simplified description of the cycle, but may vary 
with spiracular area (temperature, fo,, etc.), hence modifying both interburst 
release rate and triggering level. The analysis will be carried somewhat further 
on the theoretical side in another communication. 

(b) Rationale of the CO, release cycle 

Insofar as the rate of CO, release during interburst and the possible constancy 
of burst volume in the normal cycle are concerned, the results fit well with the 
concept of the burst cycle as alternating accumulation and escape of metabolic CQO,. 
The induced changes in cycle variables, however, are less easily integrated. Cycle 
length and burst volume do indeed change predictably with temperature, and each 
shows also an inverse relation with metabolic rate in populations, although this is 
not necessarily related to the effects of induced changes in individuals. However, 
the direction of change (decrease with rising temperature) does not seem easily 
reconcilable with either the anticipated constancy of burst volume or with the 
expectation that if interburst release rate increases it should take a longer, not a 
shorter, time to attain the triggering CO, concentration. The effects of changes 
in ambient po, are even less well marked and consistent, particularly with concen- 
trations above 21%. We are left, in fact, without a clear picture of either the 
triggering of the different phases of the cycle, or indeed a satisfactory rationale for 
the alternating retention and escape of CO.,. 

We suggested previously (Buck, Keister and Specht, 1953) that the retention 
of CO, is not the prime objective in itself, but a consequence of provisions for 


minimizing transpiratory water loss. This idea is consistent with the well recog- 


nized role of the spiracles in water conservation in insects in general (cf. Hazelhoff, 
1926b), with the particularly acute need for conservation in pupae (denied water 
intake for months or years), and with the demonstrated relation between spiracular 
integrity and water loss in dgapema. Furthermore it could furnish a reason for 
the sensitivity of the cycle to ambient fo, in that maximum water retention would 
require the diffusion port area to be the minimum compatible with adequate respira- 
tory O, supply. From Table IV the daily control water loss per one gram pupa is 
about one mg. or 1360 wL, and the daily CO, loss (assuming an R.Q. of 0.73) is 
5.64 x 24 x 0.73 = 100 pL, or only 44 of the water vapor loss. Alternatively, 
if we assume the water vapor loss of the pupae treated in Table III to be in the 
same proportion to body weight and Qo, as in those of Table IV, the water loss 
per cycle would be about 22 and 6 times the observed over-all CO, loss in the 
1953 and 1954 pupae, respectively. However, the diffusivity of water is only 50% 
greater than that of CO,. The validity of viewing the CO, release cycle as a con- 
sequence of water vapor retention must therefore await the determination of the 
respective concentration gradients. 

Even though a one-mg. daily water loss (0.1% body weight) seems negligible, 
it would account for an unsupportable loss if maintained through a two-year dia- 
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pause. Presumably, however, the average rate of desiccation in nature is lower, 
even in this desert species of moth, because of long periods at temperatures less 
than 25° and because of maintenance of a higher-than-environmental humidity 
within the cocoon. 


c) Mechanism of CO. retention 


Kvidence has been presented that the spiracles are intimately involved at all 
stages of the CO, release cycle. In controlling the burst per se their role presents 
little difficulty, assuming that tracheal Peo, is higher than atmospheric, since a 
sudden enlargement of valve area would force the diffusive loss of any labile CO.,. 
Our discussion of the Fick equation has shown, however, that the spiracles alone 
cannot be responsible for the situation in interburst where 10 or more O. molecules 
may enter the pupa for every CO, molecule released. The question may thus 
arise as to whether, in spite of Punt’s observations and of other evidence against 
gross body movements (e.g., Schneiderman and Williams, 1955), gas transfer 
might be via ventilatory flow rather than by diffusion. This, however, seems 
excluded by the fact that the CO, burst registers manometrically as an actual 
increase in gas volume in the respirometer flask, whereas an ordinary exhalation, 
being brought about by decrease in body volume, would merely exchange gas 
between tracheae and flask without affecting the over-all volume of the system. 
The possibility of burst production by some sort of biochemical cataclysm, such as 
sudden acidification of the blood is, in view of the constant presence of a large 
reservoir of CO, (as shown by the purge experiments), highly improbable. From 
our original discussion of the Fick equation, therefore, we must conclude that rate 
of CO, release during interburst is determined primarily by diffusion gradients. 
\n analysis of this problem, and of the true role of the spiracles in the cycle, will 
be considered in a later communication. 


SUM MARY 


1. Forcing a few of the spiracles of the dgapema pupa to remain open abolishes 
the alternate retention and release (“burst”) of CO, and greatly augments water 
loss. The effects are reversed by sealing the inactivated spiracles. 

2. Pupae exposed to N, after a normal CO, burst has been produced release an 
additional volume of CO, twice that of the original burst. The first cycle after 
such a “purge” is nearly twice as long as normal. These results further implicate 
the spiracles in CO, retention and favor the idea that accumulation of CO, triggers 
the burst. 

3. A statistical analysis of successive cycles within individual pupae indicates 
that burst volume tends to be constant, and comparison of individuals in a popula- 
tion shows significant inverse relations between metabolic rate and cycle length, 


and possibly between burst volume and cycle length. The significance of these 


findings is discussed in relation to the triggering of CO, release and the rationale 
of the cy cle. 

4. Mechanical disturbances may also trigger CO, bursts. 

5. The effects of temperature and ambient fo, on interburst CO, release rate 
are interpreted in terms of spiracular response to O.. 
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6. The transition from cyclic to continuous CO, release is discussed in relation 
to triggering and to spiracular involvement. 

7. The prominence of CO, in triggering bursts and of the apparent control of 
the spiracles by O, during interburst ; the lack of clear functional relation between 
interburst release rate, burst volume and cycle length; and the lack of special 
association between burst volume and either preceding or succeeding cycle length, 
make it difficult to interpret the burst cycle in terms of simple CO, regulation, in 
which the spiracles act as safety valves to prevent undue accumulation of CO,. 
It is suggested that the CO, release cycle may be a secondary consequence of 
minimization of transpiratory water loss. 

8. Though the spiracles are intimately involved in CO, retention and release 
it is shown theoretically that regulation of valve area per se cannot achieve appre- 
ciable CO, retention without interfering with O, uptake. Further analysis in 
terms of gas diffusion gradients will be discussed elsewhere. 
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